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Abstract 
Anecdotal evidence suggested that immature lemon sharks (Negaprion brevirostris) occur at the 
Chandeleur Islands in southeastern Louisiana.  From May 2009 to August 2011, the Nekton 
Research Laboratory at the University of New Orleans regularly sampled habitats at the 
Chandeleur Islands to confirm the presence of immature individuals of this species.  During 
these efforts, 147 immature lemon sharks (neonates, young-of-the-year, and juveniles) were 
collected.  Each shark was PIT tagged and a tissue sample was taken for genetic analyses.  Sizes 
ranged from 56 – 177 cm total length.  Sharks showed a preference for sandy substrate and 
smaller individuals showed significant preference for shallow waters.  Collection data for N. 
brevirostris were obtained from various locations around the Gulf of Mexico for comparison.  
Based on a review of current literature, collection data, and microsatellite analysis it was possible 
to classify the Chandeleur Islands as an elasmobranch nursery ground under the definition 
presented by Huepel et al. (2007).  Current literature and high densities of N. brevirostris 
suggests that the Chandeleur Islands are the only area in the northern Gulf of Mexico where 
neonatal and YOY lemon sharks have been recorded.  Results from a combination of SPOT 5 
satellite tags, PIT tags, and FLOY tags show that immature N. brevirostris at the Chandeleur 
Islands remain in the vicinity of the islands for several months.  The abundance of juvenile 
sharks across years provides evidence of continuous use of these islands as a pupping area. 
Genetic analysis supports this information with 7 of 15 mothers returning across years.  The 
combination of this information indicates that the Chandeleur Islands are the northern- and 
western-most documented nursery ground for this species.  Special care should be given to this 
habitat as CPUE for N. brevirostris decreased significantly during this research following the 
2010 Deepwater Horizon disaster and subsequent oil prevention measures.  Genetic research 
 ix 
 
indicates a high level of inbreeding and genetic separation between the Chandeleur Islands 
population and other known populations in Florida, Belize, and the Bahamas. 
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Chapter 1 
 
Introduction 
 
Populations of many marine predators have declined significantly over the past several 
decades (O’Connell et al., 2007).  Decreases in apex predators have been shown to impact the 
structure of food webs (e.g., trophic cascades).  For example, on the east coast of the United 
States catch rates of large coastal sharks over the course of forty years have fallen while there 
has been an increase in prey species (rays, skates, and smaller sharks).  The resulting increase in 
mid-level tropic predators on the east coast (primarily the cownose ray, Rhinoptera bonasus) has 
been negatively correlated with scallop populations to the point of termination of the century old 
fishery of this species (Myers et al., 2007).  In other aquatic ecosystems, removal of apex 
predators can have a number of other impacts.  Both foraging behavior and movement patterns of 
prey can be altered when predation pressure is relaxed (Gilliam and Fraser, 1987; Fraser et al. 
2006).  
 Increased global fishing pressure is driving declines in many shark populations (Stevens 
et al., 2000; Baum et al., 2003).  For example, the rising demand for shark fins by Asian markets 
has added more pressure on this group of animals which is already in decline (Clarke et al., 
2006).  In response to concerns about these population declines, shark research and conservation 
is increasing worldwide (NMFS, 2006).  As of 1996 in the United States, there was a federal 
mandate to include essential fish habitat in all fisheries management plans (NOAA, 1996).  
Essential fish habitat is defined as: 
“Essential Fish Habitat (EFH) can consist of both the water 
column and the underlying surface (e.g., seafloor) of a particular area.  
Areas designated as EFH contain habitat essential to the long-term 
survival and health of our nation's fisheries.  Certain properties of the 
water column such as temperature, nutrients, or salinity are essential to 
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various species.  Some species may require certain bottom types such as 
sandy or rocky bottoms, vegetation such as seagrasses or kelp, or 
structurally complex coral or oyster reefs. 
EFH includes those habitats that support the different life stages of 
each managed species.  A single species may use many different habitats 
throughout its life to support breeding, spawning, nursery, feeding, and 
protection functions.  EFH encompasses those habitats necessary to ensure 
healthy fisheries now and in the future (NOAA 2008).” 
 
This mandate has led to increased research into determining the complete life history of any and 
all target species, including shark species.  Previously only the area where the animals were 
being collected was important to protect, now it is necessary to manage any area important to the 
animal throughout its life cycle.  This is particularly relevant to sharks which have been largely 
ignored as conservation targets. 
 Perhaps one of the more important and difficult essential habitats to classify is an 
animal’s nursery grounds (Heupel et al., 2007).  A nursery area is difficult to define and its 
meaning has changed several times during the past decade.  Nurseries typically provide 
protection from predators, support increased growth rates, and attract high numbers of juveniles 
(Beck et al., 2001).  This definition is contrary to the previously held definition of nursery area 
which simply meant an area used by a large number of juveniles, whether it helped to increase 
the adult population or not.  Heupel et al., (2007) further expanded the definition of a nursery 
area, but focused solely on elasmobranchs.  Their definition states that there are three key 
components necessary for an area to be described as a potential shark nursery habitat:  1. sharks 
are at a higher density in the area then in similar areas;  2. sharks stay or return to the area during 
a defined period of time (weeks or months); and  3. individuals return to the area during the 
course of several years.  For identifying and protecting shark nursery habitats, these three traits 
must exist. 
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 Lemon sharks (Negaprion brevirostris) are managed under the Consolidated Atlantic 
Highly Migratory Species Fishery Management Plan and their current status is undetermined 
(NMFS, 2007).  This species, a member of the family Carcharhinidae, is large (up to 3 m), slow 
growing, and occurs mostly in tropical waters (Springer, 1950; Figure 1.1).  The distribution of 
N. brevirostris ranges from New Jersey to southern Brazil in the western Atlantic Ocean 
(Compagno, 1984).  They are also commonly found in the Gulf of Mexico and Caribbean Sea.  
On the western side of Africa they occur off the Cape Verde Islands and Dakar south to the Ivory 
Coast.  Other populations of N. brevirostris are found in the east Pacific Ocean from Baja to 
Ecuador (Compagno, 1984).  Similar to other Carcharhinidae sharks, N. brevirostris is 
placentally viviparous with a gestation period of 10-12 months (Springer, 1950), usually birthing 
between 4 and 18 pups (Compagno, 1984).  Over the past several decades there have been 
numerous investigations of lemon shark nursery habitats (Gruber and Myrberg Jr, 1977; 
Morrissey and Gruber, 1993a; Morrissey and Gruber, 1993b, Feldheim et al., 2002; Edren and 
Gruber, 2004; Reyier et al. 2008).  These studies have generated the majority of available 
information on N. brevirostris nursery habitats and breeding behavior.  From this work much has 
been discovered about mating systems of this species.  Through acoustic, passive, and genetic 
tagging researchers have determined that N. brevirostris in the Bahamas, Florida, and Brazil 
have a habitat preference towards warm shallow water and they return to the same areas to pup 
across years, exhibiting high levels of polyandry (Morrissey and Gruber, 1993a; Morrissey and 
Gruber, 1993b; Feldheim et al. 2002; Feldheim et al. 2004; Freitas et al., 2006; Wetherbee et al., 
2007; DiBattista et al, 2008). 
Typical lemon shark nurseries are characterized by bays and shallow lagoons with a 
minimal tidal range (Gruber and Myrberg Jr, 1977; Morrissey and Gruber, 1993a; Morrissey and  
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 Figure 1.1. Picture of a neonatal lemon shark (Negaprion brevirostris) collected at the 
Chandeleur Islands, Louisiana.  
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Gruber, 1993b; Feldheim et al., 2002; Edren and Gruber, 2004; Wetherbee et al., 2007).  An 
exception to these nursery conditions exists occurs on Atol da Rocas, Brazil (Wetherbee et al., 
2007).  The use of barrier islands as nursery habitats for lemon sharks has yet to be described.  
Similar to Atol da Rocas, barrier islands off the coast of Louisiana have a tidal range which can 
leave potential nursery habitat dry at low tide.  The Louisiana barrier islands generally lack the 
mature mangrove habitats common among most known lemon shark nursery grounds.  They do, 
however, often contain healthy seagrass beds unlike Atol da Rocas (Moore, 1963; Michot et al. 
2006; Wetherbee et al., 2007).   
The American Geological Institute defines barrier islands as “long, low, narrow, wave-
built sandy islands representing a broadened barrier beach that is sufficiently above high tide…” 
(Gary et al., 1974).  These islands form parallel to the shoreline and require sediment transport to 
remain intact.  Barrier islands are often destroyed by the very processes that create them (tides, 
waves, wind, etc.).  Their location in front of low lying land makes them a protective buffer 
against mainland erosion induced by wave action and storm systems.  These islands remove 
energy and reduce surge as storms pass over the islands and their associated wetlands (Travis, 
2005).  Barrier islands also serve important biological and ecological roles.  They act as foraging 
habitats for migrating birds as well as nesting grounds (Moore et al., 1990).  The low energy 
aquatic habitats on the bay side of barrier islands are also key nursery areas for many marine 
organisms (Ruple, 1984; O’Connell et al., 2005).  Small, remote barrier islands are also 
important nursery grounds because their inaccessibility reduces the number of predators, thus 
providing increased protection for both aquatic and terrestrial species that use them as nursery 
areas (Norcoss et al., 1995; Layman, 2000; Dorenbosch et al., 2004)   
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In the United States, the Gulf Coast is known for its extensive chains of barrier islands.  
Louisiana’s barrier islands have attracted the most attention in recent years because of impacts to 
them by an increase in tropical storm activity, primarily the occurrence of hurricanes Katrina 
(2005), Rita (2005), and Gustav (2008).  These storms caused significant land loss on Louisiana 
barrier islands (Kulp, 2005; Fearnley et al., 2009).  Tropical storm activity is not the only cause 
of land loss observed at these barrier islands.  During the past 215 years the Southwest Pass (the 
main Mississippi River shipping channel) has advanced into the Gulf of Mexico by 15 km (Dean, 
2006).  This advancement has resulted in a majority of the Mississippi River sediment load being 
deposited in deep water.  While this is considered positive because it results in less dredging 
within the Pass, it also limits sediment available to the rest of the delta plain, which is required 
for the creation and sustainment of nearby barrier islands (Dean, 2006). 
  Without restoration efforts, the future of the Louisiana barrier islands is uncertain.  The 
barrier island and wetland systems of Louisiana will never fully return to their previous state 
(Kulp, 2005; Blum, 2009).  Due to the degradation of these systems they have become 
increasingly susceptible to inundation from relative sea level rise.  The Louisiana region is 
experiencing the highest relative sea level rise of any area within the United States, with local 
rates in excess of or equal to 1.00 cm/yr (Kolker et al., 2011).  Some of Louisiana’s threatened 
barrier islands may serve as nursery areas for N. brevirostris.  To determine if Louisiana barrier 
islands are capable of serving as N. brevirostris nursery areas it is important to first to understand 
the needs of juvenile lemon sharks.   
Analyzing the use of habitat by a species is the first step in understanding its needs and 
specific habitat needs are usually determined by an animal’s ‘home range’ (Morrissey and 
Gruber, 1993a).  Home range is defined as “the area traversed by the individual in its normal 
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activities of food gathering, mating, and caring for young” (Burt, 1943).  Using ultrasonic 
telemetry, researchers in Bimini tracked 38 juvenile N. brevirostris during a two year period.  
Juvenile N. brevirostris reused 40% of the previous day’s home range, suggesting these animals 
have high site fidelity.  Sizes of home ranges varied from 0.23 km2 to 1.26 km2 and showed a 
positive correlation with shark size, which is expected as larger individuals require more 
resources for survival (Morrissey and Gruber, 1993a).  This information implies that N. 
brevirostris show a reasonably high amount of site fidelity, which is one of the criteria for 
classifying an area as a nursery ground (Heupel et al., 2008). 
 In Bimini, Bahamas, researchers tracked 38 sharks during a period of 153 days to test the 
animals’ preference for factors such as water temperature, bottom type, and depth (Morrissey 
and Gruber, 1993b).  Juvenile N. brevirostris exhibited a preference for water temperatures 
above 30º C.  Possibly this preference is an effort to keep their metabolic rate at an optimal level 
for growth (Morrissey and Gruber, 1993b).  Juvenile N. brevirostris also avoided areas with 
extensive seagrass, possibly due to the increased difficulty in finding prey in such a complex 
habitat or because of stinging epiphytes that grow on seagrass.  These juvenile N. brevirostris 
preferred rocky or sandy substrate in shallow areas, many even moved deep into red mangrove 
thickets.  This behavior is assumed to be for predator avoidance.  By staying in shallow and 
structurally complex areas juveniles are able to remain out of reach from larger predators 
(Morrissey and Gruber, 1993b).   
The information available on juvenile N. brevirostris habitat preferences and their 
estimated home range in previous studies has made it possible to compare the Chandeleur Islands 
with other nurseries in an effort to locate potential nursery grounds.  Observations of the habitats 
around the Chandeleur Islands in a preliminary study in 2008 showed a similarity to the Bimini 
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nursery grounds.  Average sea temperatures provided by NOAA over the past 20 years revealed 
that the open ocean water on the north side of the islands reaches 30º C from May through 
September (Figure 1.2).  This indicates that the shallow waters in and around the main islands 
have the potential to stay at or above the preferred temperature of juvenile N. brevirostris for half 
the year.   
 To determine the feasibility of the Chandeleur Islands (Figure 1.3) as a nursery ground 
for N. brevirostris, several closely linked studies of these animals were performed.  The first 
portion of this study required looking at the fisheries data on neonatal and juvenile N. 
brevirostris around the northern Gulf of Mexico to determine if similar numbers exist in other 
habitats in the area.  Should the Chandeleur population be unique to the area it lends support that 
this habitat is in fact a nursery area.  Sharks associated with the Chandeleur Islands were also 
sampled in all habitats from the northern to southern tips of the islands.  The object of this 
sampling was to determine if there was a particular area or habitat around the 56 km island chain 
that the sharks preferred.  The information from this portion of my research will determine if the 
study site meets the first criterion of Heupel et al.’s (2007) definition of a shark nursery ground.  
That is, I attempted to determine if sharks are more commonly encountered in this area than 
similar sites. 
 The second and third criteria for an area to be considered a shark nursery ground are 
based on the theory that sharks return to, or remain in, a particular area for an extended period of 
time (second criterion) and also across years (third criterion).  To determine if this was taking 
place at the study site, sharks were tagged with satellite, FLOY, and PIT tags to track their 
movement (satellite) and to determine through recaptures if the individuals remained in the area.  
Genetic samples were also taken (in the form of fin clips) during this time.  By analyzing  
 9 
 
 
Figure 1.2.  Average sea temperature from 1981 – 2001 from NOAA Station 42007 - BILOXI 
47km South-Southeast of Biloxi, MS.  These data indicate that the shallow waters in and around 
the Chandeleur Islands have the potential to stay at or above the preferred temperature of 
juvenile N. brevirostris for half the year.  Downloaded from 
http://www.ndbc.noaa.gov/images/climplot/42007_st.jpg.   
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Figure 1.3.  Location of the Chandeleur Islands in the Northern Gulf of Mexico.  
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microsatellites using COLONY, a pedigree can be established (Wang, 2004).  Through this 
pedigree the extent of site-fidelity could be determined.  If siblings of different age classes exist 
at the Chandeleur Islands, then it can be inferred that these animals are using this area across 
years thus satisfying both criterion two and three in Heupel et al.’s (2007) nursery ground 
classification. 
 While collecting genetic data to answer questions on site-fidelity, I was also able to 
assess other questions related to the genetics of this population.  I first wanted to determine how 
related are the individual lemon sharks at the Chandeleur Island to individuals at other known 
nursery grounds such as Bimini, Marquesas, and Belize.  To answer this question, I used the 
program Structure to investigate the population structure from different areas.  By comparing 
multiple locus genotypes, Structure can infer the distinction between unique populations 
(Pritchard et al., 2000).  Another program, Geneclass2, was used to determine if there were any 
recent first generation migrants collected during the sampling period.  This program works by 
performing several Monte Carlo re-sampling algorithms that compute for each individual its 
probability of belonging to each reference population or to be a resident (Piry et al., 2003). 
 Conducting field research often presents a series of difficulties.  During my research the 
major difficulty was the Deepwater Horizon disaster which occurred in April of 2010.  This 
incident resulted in the Chandeleur Islands being inundated with oil.  This oil spill presented a 
unique opportunity to look at the impact of oil and subsequent spill prevention measures on the 
behavior and population of lemon sharks at the Chandeleur Islands.  I compared pre- and post-
spill habitat preferences, abundances, and genetics (to determine the number of individuals 
returning to pup).  This research will give insight to the resiliency of this apex predator to large 
scale environmental stressors.   
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My dissertation research addressed three main objectives: 
 
Objective 1: Determine the extent of impact the Deepwater Horizon disaster or subsequent oil 
prevention measures had on the population of N. brevirostris at the Chandeleur Islands. 
H01:  Catch per unit effort data of N. brevirostris at the Chandeleur Islands will show no 
difference pre and post disaster.  
HA1: Catch per unit effort data will document a change in numbers pre and post disaster. 
 
Objective 2: Determine the extent of genetic diversity and site fidelity shown by Chandeleur 
Island N. brevirostris through genetic analysis and tagging. 
H01:  N. brevirostris from the Chandeleur Islands show a lack of genetic diversity and 
site fidelity. 
HA1: N. brevirostris from the Chandeleur Islands will show normal amounts of genetic 
diversity and site fidelity seen in this species at other known nursery grounds. 
  
Objective 3: Classify the Chandeleur Islands as a nursery ground based on criteria set by 
Heupel et al. (2007). 
H01:  N. brevirostris will not be a unique species in the northern Gulf of Mexico, nor will 
they show any site fidelity at the Chandeleur Islands. 
HA1: N. brevirostris from the Chandeleur Islands will meet all of the requirements 
making it the northern western most nursery ground for the species.  
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Chapter 2 
 
Occurrence of lemon sharks (Negaprion brevirostris) at the 
Chandeleur Islands, Louisiana, before and after the 2010 Deepwater 
Horizon disaster  
 
Introduction 
Barrier islands serve as important nursery grounds for multiple species (Norcoss et al., 
1995; Layman, 2000; Dorenbosch et al., 2004).  When barrier islands are remote and mostly 
isolated from mainland impacts, they confer increased benefits to juvenile organisms.  Benefits 
include less habitat destruction and reductions in predation pressure.  In Louisiana, the 
Chandeleur Islands are the oldest and most remote barrier island chain in the state.  
Unfortunately, these islands are threatened by erosion, global sea level rise, and hurricane 
activity (Figure 2.1) which will likely jeopardize any significant efforts to restore them (Kulp, 
2005; Blum, 2009).  Preliminary research at the Chandeleur Islands suggested that juvenile 
lemon sharks (Negaprion brevirostris) occurred in shallow habitats (Laska, 1973), though this 
was based on the capture of only two young individuals.  Later sampling efforts conducted more 
than thirty years later (2008) produced 34 juvenile N. brevirostris in these same habitats.  These 
sharks were collected from several sites around the islands and all were measured, tagged, and 
released (Schieble, unpublished data).  Both studies suggest that not only has N. brevirostris 
been using Chandeleur Island habitats for many decades but that their numbers have increased 
locally in recent years.  The majority of N. brevirostris collected in 2008 were densely clustered 
in shallow habitats, it is likely that these sharks are using these areas to avoid predation from 
larger sharks.  These shallow habitats were created as a result of recent hurricanes which created 
cuts and passes across the Chandeleur Islands.  Much like N. brevirostris nursery habitats in 
other parts of the world (e.g., Bimini), these shallow areas  
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Figure 2.1.  Location of the Chandeleur Islands, Louisiana, in the northern Gulf of Mexico. 
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exclude large predators (Ruple, 1984; Luettich Jr et al., 1999; Trnski, 2001; Brown et al., 2004).  
It is possible that these recently formed habitats have the potential to serve as N. brevirostris 
nursery grounds in Louisiana.   
 Young sharks will benefit when shallow nursery habitats provide not only protection 
from predators but also offer an ample food supply (Beck et al., 2001).  The northern sections of 
the Chandeleur Islands remain the most undisturbed of the island chain, retaining a large back 
barrier area characterized by extensive sea grass beds.  Globally, sea grass beds are recognized as 
being highly productive habitats supporting multiple tropic levels (Duffy, 2006; Orth et al., 
2006).  For young N. brevirostris, sea grass beds should provide an abundance of prey items that 
is easily accessible from sand flats which have been shown to be their preferred habitats in other 
locations (Springer, 1950; Morrissey & Gruber, 1993 a, b).  Connectivity between these sea grass 
beds and the surf zone increased after recent storms, improving access for any N. brevirostris 
that may have been pupped in the surf zone, possibly augmenting their growth and survival.  
Unfortunately, in summer 2010 both habitats were inundated with oil from the Deepwater 
Horizon disaster.  Since that time, little research has been conducted on the effect of the oil and 
dispersants on the health of sharks and shark populations in the region, making it especially 
important to track the numbers of sharks collected during 2010 and 2011.  Following the 
disaster, a large sand berm was constructed on the Gulf side of the island using material dredged 
from the north end of the islands (Figure 2.2).  This artificial feature filled in numerous aquatic 
habitats used by N. brevirostris and reduced connectivity between sea grass and surf zone 
habitats, along with producing other unwanted ecological impacts (Martinez et al., 2012).   
 The purpose of our research was to use N. brevirostris occurrence and catch per unit 
effort data taken at the Chandeleur Islands before and after the Deepwater Horizon disaster to  
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 Figure 2.2. Photograph of the oil protection sand berm built at the Chandeleur Islands following 
the Deepwater Horizon disaster.  The berm closed off many of the naturally formed cuts and 
passes, two of which can be seen in the lower right. 
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determine if the oil or construction of the artificial berm had an impact on this population.  
Differences in habitat use between sexes and different size classes of N. brevirostris were also 
investigated.  This research was conducted by sampling N. brevirostris at the Chandeleur Islands 
before, during, and following the Deepwater Horizon Disaster.  
 
Material and Methods 
Field Methods 
Between April 2009 and August 2011, N. brevirostris were sampled at the Chandeleur 
Islands in Southeast Louisiana (Figure 2.1) on nine separate occasions.  These targeted sampling 
efforts were conducted during pupping periods (May through October).  Pupping periods were 
targeted so that both offspring and mothers had the potential to be collected.  Sampling consisted 
of two researchers using a small skiff (4.88 m) outfitted with a ladder (2.44 m) for spotting the 
sharks.  One researcher searched for sharks from the top of the ladder while the other poled the 
skiff through shallow water (0.5 – 2 m).  Each researcher was equipped with a 2.13 m spinning 
rod outfitted with 13.6 kg braided fishing line.  A steel leader was attached to the fishing line and 
a 3/0 J-hook was connected to the leader.  Lines were primarily baited with either juvenile spot 
(Leiostomus xanthurus) or pinfish (Lagodon rhomboides).  The sampling effort took place from 
0800 and generally continued until 1800, unless interrupted by storm activity.   
When a shark was sighted, bait was cast and placed in the vicinity of the individual until 
the subject took the hook.  The shark was allowed to eat the bait and remain on the line until the 
hook could be set.  Coordinates were taken with a handheld GPS-72h (Garmin International Inc., 
Chicago, Ill., USA) when sharks were sighted.  Once each shark was captured it was brought 
aboard the boat.  It was then sexed, measured (total length, fork length, and pre-caudal length), 
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and weighed.  The shark was then scanned with a Pocket Reader (Biomark Inc., Boise, ID) 
passive integrated transponder (PIT) tag reader.  If the individual was untagged it was then 
injected with a HPT12 PIT tag (Biomark Inc., Boise, ID) at the bottom left side of their first 
dorsal fin.  After biological data were taken from the shark and the tag was injected, it was 
released.  Water quality parameters were also recorded at the shark’s initial location.  Salinity, 
temperature, conductivity, specific conductivity, dissolved oxygen, and pH were measured using 
an YSI 556 Multiprobe (Yellow Springs Instruments, Inc.  Yellow Springs, Ohio).  All sharks 
were collected and handled under UNO-IACUC protocol #09-009.   
 
Data Analysis 
 To test for possible differences in habitat use between N. brevirostris males and females 
and different size classes, sharks were divided into three different size classes: Size Class 1, Size 
Class 2 and Size Class 3.  Size Class 1 was defined as all sharks retaining open umbilical scars.  
The largest neonate collected was 74 cm total length (TL).  This became the largest size for 
sharks to be considered Size Class 1.  Using the 90 cm TL size denoted by Chapman et al., 
(2009) as a larger immature (greater than three years old in Bimini), all sharks ranging from 74 
to 90 cm were designated to be Size Class 2.  Sharks larger than 90 cm were defined as Size 
Class 3.  Data were recorded and input into Microsoft Excel (Microsoft Corporation, Redmond, 
Washington) and analyzed using R statistical software (version 2.13.1).  Data were tested for 
homogeneity using Shapiro-Wilk tests of normality (α < 0.05).  A generalized linear model 
(GLM) was used to analyze size and environmental parameters. 
To determine if N. brevirostris at the Chandeleur Islands were showing a similar habitat 
preference to sharks at other populations, researchers throughout the Gulf of Mexico were 
 19 
 
contacted for any data they may have collected on N. brevirostris occurrence patterns.  Water 
depth and size of shark were plotted to detect any commonalities between the Chandeleur Island 
population and populations from other known nursery grounds. 
 Due to a lack of continuous monitoring of environmental parameters (data only taken 
when a shark was captured) it was necessary to perform several different analyses to determine if 
there was a change in shark numbers before and after the Deepwater Horizon disaster.  If such a 
change occurred it was important to determine if the change was a result of this event or other 
environmental parameters.  The first method of analysis calculated the probability of catching a 
lemon shark before or after the event.  This test was completed using a logistic model and a 
binomial assumption of catch or no catch during sampling.   
 The second analysis looked at the abundance of sharks following the disaster.  The first 
step was to remove all non-catch data due to the lack of environmental values when no shark was 
captured.  Multiple regressions were then run to determine correlation between any of the 
predictor variables that were to be used.  Hour, day, and dissolved oxygen were all removed 
from further analysis due to significant correlation among these response variables, which 
violates the assumption of independence among response variables of a GLM (multiple 
regressions, p < 0.05).  A step-wise generalized linear model reduction was then performed using 
AIC scores on log transformed CPUE data.  Factors used in this analysis were: month of capture 
(to protect against seasonal influence), year (was oil present/absent), salinity, depth, temperature 
and distance from shore.  
 A modified form of catch per unit effort (CPUE) for this project was developed based on 
dividing the number of sharks caught by the total number of hours spent fishing.  This CPUE 
was calculated on a daily basis and then averaged per trip to determine a monthly CPUE value 
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(each trip lasted 4 days with the exception of May 2010 which lasted 3 days).  CPUE numbers 
were compared across years and pre- and post-disaster spill/berm construction.  Daily and 
monthly CPUE were tested for homogeneity using a Shapiro-Wilk test of normality (α < 0.05).  
CPUE was then compared using a two-way ANOVA (α < 0.05).  This made it possible to 
determine if there was any change in the number of sharks being sampled over the course of the 
study.  While there have been a number of studies that suggest that CPUE is not proportional to 
abundance, these studies tend to investigate commercial techniques (long-line, gillnets, and 
trawls) and have not surveyed a sight fishing technique as used in this study (Punt et al., 2000; 
Harley et al. 2001; Bigelow et al., 2002; Walters, 2003; Kleiber and Maunder, 2008).  Sight 
fishing is comparable to encounter data in that only visible individuals can be captured.  
Encounter data is currently used in studies looking at the abundance of both terrestrial and 
aquatic vertebrates (Hochachka et al., 2000; Holmberg et al., 2009; Wiley and Simpfendorfer, 
2010). 
 
Results 
 In 2009, 4 four-day trips were made in May, June, July, and August.  In 2010, sampling 
efforts were impeded by the Deepwater Horizon disaster which began in April.  One sampling 
trip was conducted immediately after the oil spill in May and again in August and October, after 
most of the area had been inundated with oil (Figure 2.3).  In 2011, trips were limited to May and 
August due to limited available funding.  These two months were selected so that the months of 
May and August could be compared across the entire sampling period.   
 From May 2009 until August 2011, 115 sharks were collected, measured, and tagged (52 
males and 63 females; Table 2.1).  Sharks ranged in size from 56.8 – 177.0 cm total length (TL).   
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Figure 2.3.  Map of floating oil plumes resulting from the Deepwater Horizon Disaster from 29 
April 2010 – 3 May 2010.  The Chandeleur Islands (upper left corner, starred) were inundated 
with oil on 1 May 2010.  Courtesy of NOAA. 
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Table 2.1 Results of monthly Negaprion brevirostris sampling efforts at the  
Chandeleur Islands from 2009 - 2011.  Size Class 1 < 74 cm, Size Class 2 < 90 cm, > 74 cm, and 
Size Class 3 > 90cm (Total N = 115). 
Dates N Males Females Size Class 1 Size Class 2 Size Class 3 
May-09 14 3 11 9 4 1 
June-09 14 10 4 3 4 7 
July-09 10 4 6 8 0 1 
August-09 18 11 7 8 4 5 
May-10 25 11 14 13 5 6 
August-10 15 6 9 10 2 3 
October-10 3 0 3 2 1 0 
May-11 5 2 3 1 4 0 
August-11 11 5 6 10 0 1 
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There were no significant differences between the sexes and any water parameters or substrate 
composition (p > 0.05; Table 2.2).  The only differences found among size classes and water 
parameters were with size class 1 (TL < 74 cm) and size class 2 (74 > TL < 90 cm; Table 2.3).  
These size classes showed a significantly higher occurrence in shallower water (F = 11.719; p < 
0.001,) than the largest size class (Figure 2.4).  
 When shark collection data from throughout the Gulf of Mexico were analyzed, patterns 
were similar to those observed at the Chandeleur Islands.  Data collection from other researchers 
throughout the Gulf of Mexico yielded information on a total of 912 lemon sharks. Size class 2 
sharks were typically the most abundant age class in these collections (Figure 2.5).  It is doubtful 
that gear effect influenced the number or sizes of collections as various forms of collecting gear 
(longline, gill net, and hook/line) were used at different sites (Table 2.4).  The depth and size 
relationship observed at the Chandeleur Islands was investigated further and a high correlation 
exists between shark size and depth throughout the Gulf of Mexico (r2 = 0.644, Figure 2.6).   
The binomial statistical test looking at the probability of catching a shark across years 
(before and after the disaster) showed a significant decrease in the probability of catching a shark 
between 2009 and 2011 (logistic model, p = 0.018).  The generalized linear model comparing 
hourly CPUE and all predictor variables resulted in a complex model that may be the result of a 
lack of a long-term data set.  The model showed correlation between and among several 
predictor variables including year and environmental parameters such as salinity, temperature, 
distance, and depth (Table 2.5).  To determine the extent of correlation between CPUE and these 
variables, graphs were developed for each predictor variable and then the slopes and R2 values 
were analyzed.  From these values, a strong relationship between hourly CPUE and any of the 
tested predictor variables is not evident (Table 2.6). 
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Table 2.2. Results from generalized linear model comparing sex of N. brevirostris caught at the 
Chandeleur Islands to water quality and habitat parameters: Temperature, Salinity, Dissolved 
oxygen, Water depth where shark was sighted, and Distance from shore that sharks were sighted.  
None of these parameters significantly affected the sex distribution. 
  Estimate Std. Error z value Pr ( > |z|) 
(Intercept) -2.11884 3.112312 -0.681 0.496 
Temp 0.023862 0.097285 0.245 0.806 
Salinity -0.007795 0.054046 -0.144 0.885 
DO 0.069682 0.128731 0.541 0.588 
Depth 2.135512 1.094454 1.951 0.051 
Distance 0.002113 0.005921 0.357 0.721 
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Table 2.3. Results from generalized linear model comparing size classes of N. brevirostris 
caught at the Chandeleur Islands to water quality and habitat parameters: Temperature, Salinity, 
Dissolved oxygen, Water depth where shark was sighted, and Distance from shore sharks were 
sighted.  Depth was the only parameter that affected size distribution.  Cells labeled with * 
indicate a significant (p < 0.05) effect. 
 
  
  Estimate Std. Error t value Pr ( > |t|) 
(Intercept) 2.7878886 1.158433 2.407 0.018* 
Temp -0.033988 0.036338 -0.935 0.352 
Salinity -0.0284137 0.020302 -1.4 0.165 
DO -0.0113744 0.048025 -0.237 0.813 
Depth 1.91334 0.393707 4.86 0.00000457* 
Distance -0.0001841 0.002201 -0.084 0.934 
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Figure 2.4. Association between depth at which Chandeleur Island lemon sharks were sighted 
and their respective sizes during sampling efforts from 2009 - 2011.  Size Class 1 < 74 cm, Size 
Class 2 < 90 cm, > 74 cm, and Size Class 3 > 90 cm. Size Class 1 and 2 exhibited a significant 
preference for shallow water (p < 0.001).   
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Figure 2.5. Frequency distributions of N. brevirostris sizes collected around the Gulf of Mexico. 
Graph includes data collected from the Chandeleur Islands, LA; Texas; and Florida. 
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Table 2.4. Sources of N. brevirostris data used in analysis for this study, associated locations, 
sample size, total length range, years of study, and their sampling techniques. 
 
Source Location Sharks TL Range Years Gear 
Texas Parks and Wildlife  Texas Coast 192 57.3-114 1982-2010 Gillnet 
Nekton Research Lab Chandeleur Islands 143 56.8-177 2008-2011 Rod and Reel 
GULFSPAN Northeastern Gulf 4 79-170 1998-2000 Long Line 
NOAA Florida Coast 5 NA 1995-2011 Long Line 
Neil Hammerschlag Florida Bay 95 130-300 2009-2011 Long Line 
Bimini Filed Station Marquesas, FL 383 58-272 1998-2010 Gillnet/Long Line 
Rookery Bay  FL Gulf Coast 97 67-190 2000-212 Gillnet/Long Line 
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Figure 2.6. Relationship between the size and depth of capture of N. brevirostris throughout the 
Gulf of Mexico. N = 484 
 
  
R² = 0.6437
0
2
4
6
8
10
12
0 500 1000 1500 2000 2500 3000 3500
D
e
p
th
 (
m
)
TL Length  (cm)
 30 
 
Table 2.5. Step-wise model reduction results from the generalized linear model for 
N.brevirostris hourly CPUE at the Chandeleur Islands from 2009 – 2011 and associated date and 
habitat parameters. 
 
Source of Variation Df Deviance AIC 
<none> 1 1.5682 -13.3546 
Year:Depth 1 1.6353 -12.5071 
Temp:Depth 1 1.6769 -10.7998 
Distance 1 1.6843 -10.5003 
Month:Salinity 3 1.8541 -7.9663 
Month:Depth 3 1.8985 -6.3585 
Month:Year 2 1.8594 -5.7724 
Month:Temp 3 1.9804 -3.4865 
Salinity:Depth 1 1.8938 -2.5284 
 
  
 31 
 
Table 2.6. Slope and R2 values for time and environmental parameters when plotted against 
hourly CPUE of N. brevirostris collected at the Chandeleur Islands from 2009 – 2011. 
 
Variable Slope R2 
Month -0.301 0.0022 
Year -0.153 0.0021 
Temperature -0.997 0.0004 
Depth -0.426 0.0123 
Dissolved Oxygen -1.226 0.0064 
Salinity 1.2606 0.0009 
Distance -24.5 0.022 
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Due to the complexity and uncertain results provided by the hourly CPUE model it was 
necessary to investigate a monthly CPUE.  This analysis revealed that CPUE decreased 
significantly (ANOVA, F = 9.04, p = 0.019,) following the disaster (Figure 2.7).  Based on 
collection locality data, the number of sharks collected in back barrier marshes appeared to have 
decreased since the construction of the oil prevention sand berm (Figure 2.8). 
 
Discussion 
 The smallest size classes of N. brevirostris preffered shallower habitats than the larger 
size classes.  This behavior was also observed in this species at the Virgin Islands (DeAngelis et 
al., 2008).  In Fish Bay, USVI, researchers found neonatal and YOY N. brevirostris using 
shallow areas as a means of avoiding predators.  Reducing predation pressure by occupying 
shallow habitats is a likely behavior for young N. brevirostris at the Chandeleur Islands due to 
the unique conditions found at this location.  In other known nursery grounds, N. brevirostris 
have access to mangroves as a form of structure to use for protection from larger predators 
(Morrissey and Gruber, 1991).  The Chandeleur Islands lack these large mangroves and shallow 
habitats without protective structure are the most likely predation refugia at the Chandeleur 
Islands.  From the data collected from other researchers it is clear that young N. brevirostris 
around the Gulf of Mexico are showing a preference for shallow water and remain in these 
habitats until they reach a larger size before moving to deeper water.  
 Oil and dispersants from the the Deepwater Horizon disaster inundated the Chandeleur 
Islands during May of 2010.  Following the oil spill, prevention measures were introduced to 
keep oil from reaching beyond the Islands into Chandeleur Sound.  The most significant was a 
35 km sand berm created from dredge material from the northern end of the islands (Martinez et  
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Figure 2.7. Modified catch per unit effort of lemon sharks at the Chandeleur Islands from 2009-
2011 with standard deviation error bars.  Catch per unit was calculated by dividing number of 
sharks caught per month by total hours spent fishing.   
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Figure 2.8. Map of the Chandeleur Islands showing locations of lemon shark collections from 
1998-2011).  Oil spill occurred in 2010 and the number of lemon sharks collected in back barrier 
marshes appears to have decreased since the creation of the oil prevention sand berm. 
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al., 2012).  Having studied lemon sharks in this area during the year prior to the disaster, this 
study was in a unique position to compare shark numbers at the Chandeleur Islands before and 
after the event.  Based on the monthly CPUE and bionomial logistic model the oil spill appeared 
to have had an immediate impact on the number of N. brevirostris occurring at the Chandeleur 
Islands, while the aritifical sandberm may lead to long term effects.  The sandberm may have 
reduced the number of cuts and passes around the islands, areas which provide essential shallow 
water habitat for juvenile N. brevirostris. It is important to continue monitoring the population 
numbers and the occurance patterns of these animals to determine the long term effects this 
disaster and the subsequent oil prevention measures may have on the Chandeleur Island lemon 
sharks.  
 In 2011, the Chandeleur Islands were again influenced by anthropogenic impacts.  The 
Bonnet Carré Spillway was opened on May 23rd in reponse to heavy flooding in the Mississippi 
River.  Spillway openings result in freshwater flow through lakes Pontchartrain and Borgne into 
the Biloxi Marshes and eventually to the Chandeleur Islands.  During the May 2011 sampling 
trip, which took place a week after the opening of the Spillway, salinity levels associated with 
the captured sharks were the lowest recorded over the three years of the project (average salinity 
= 21.08).  A YOY (76 cm) lemon shark was collected on the surf side of the islands (opposite of 
the freshwater influx) at a salinity of 14.9, well below this species normal preference levels 
(Morrisey and Gruber, 1993).  The fewest number of sharks (5) were also collected during this 
trip.  It is possible that the influx of fresh water and resulting salinity decrease during the early 
summer months of 2011 resulted in the decreased CPUE mentioned above.  Salinity was found 
to be a significant predictor in the hourly CPUE analysis and further analysis indicated a positive 
correlation.  However, a low R2 value indicates that this positive correlation may not be strong (p 
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= 0.0009).  When salinities returned to normal levels in August 2011, monthly CPUE decreased 
to levels lower than those recorded in the previous May.  Had normal CPUE values been 
measured on this trip, then it would be more likely that decreased salinity affected habitat 
occurrence, but this was not the case.  Lower CPUE values indicates that the disaster may have 
resulted in fewer sharks returning to the Chandeleur Islands despite the possible confounding 
factors resulting from the opening of the Spillway.  Results from the logistic model testing the 
probability of catching a shark across years appear to support this statement as the entire year of 
2011 showed a signicantly lower probability of catching a shark compared to the other sampling 
years. 
There are other possibilities that may have affected the CPUE calculations.  This statistic 
was based on a targeted sampling effort, which involved researchers seeking out the areas with 
the highest shark numbers.  This approach results in researchers spending a large portion of their 
time searching for areas where the sharks are most prevalent.  Over the course of this study there 
were a number of stressors and routine changes that may have affected the search effort.  The 
Deepwater Horizon disaster, subsquent oil prevention measures, and the opening of the Bonnet 
Carré Spillway may have caused the sharks to move from the areas where they were previously 
found in high numbers (most heavily searched areas) to more suitable habitat around the islands.  
The area used as a research staging site was also changed during the sampling period.  During all 
of 2009 and in May of 2010, researchers staged at barge near the northern end of the islands.  
Following the Deepwater Horizon disaster, staging took place at the southern porition of the 
islands.  However,  these issues and changes would have a mininmal impact on CPUE numbers 
as collectors surveryed the entire length of the islands on each sampling trip in an effort to locate 
N. brevirostris. 
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Another problem that can occur when sampling with rod and reel is the effect of angler 
ability.  This sampling technique requires the researchers to be adequely skilled with the 
sampling gear and this ability varies from person to person.  Angler ability may have been the 
cause of the reduction in CPUE as several members of the crew collecting the samples were 
changed throughout the sampling process.  This, however, is highly unlikely as a majority of the 
sampling team remained the same and their angling ability should increase over the duration of 
the research, counteracting any angling deficiencies of newer research team members. 
 The long-term impacts the disaster will have on N. brevirostris are difficult to determine 
because of limited research on the effect of oil on sharks.  Research was conducted on salmon 
sharks (Lamna ditropis) in Prince William Sound following the Exxon Valdez oil spill (Hulbert 
and Rice, 2002).  The research did not look at the direct effects of oil but rather examined the 
change in population numbers from before, during, and after the oil spill.  This research 
investigated population numbers from the 1980s and 1990s.  These data show that during the 
early 1990s there was a marked increase in L. ditropis numbers in Prince William Sound.  The 
authors suggest that a combination of factors played a role in this increase including a 
moratorium of fishing practices that previously included L. ditropis as bycatch, a possible trophic 
shift due to increased fish populations, an increase in salmon hatchery production, and 
ontological shifts in habitat range.  The only role of oil on this population was that the fisheries 
were closed as a result of the Exxon Valdez oil spill.   No further studies were completed on this 
species and its reaction to oil.  
 Several studies have looked at levels of polycyclic aromatic hydrocarbons (PAHs) and 
polychlorinated biphenyls (PCBs) in sharks, but neither of the studies located were able to 
quantify any physiological damage associated with these pollutants (Al-Hassan et al., 2000; 
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Storelli and Marctrigiano, 2000).  Al-Hassan et al. (2000) found that sharks collected from 
several locations within the Arabian Gulf accumulated noticible levels of PAHs and aliphatic 
hydrocrabons (Ahs) regardless of their mobility, feeding methods, or location of capture.  Their 
research also found that high levels of PAH were passed down from mother to offspring (Al-
Hassan et al., 2000).  Researchers in Italy determined that several PCBs were measured at high 
levels in the muscle, liver, and eggs in both the gulper shark (Centrophorus granulosus) and the 
longnose spurdog (Squalus blainvillei). 
 Perhaps more worrisome than the oil from the Deepwater Horizon disaster could be the 
high usage of oil dispersants such as Corexit 9500 and 9527.  While the dispersants on their own 
have not been found to be overly lethal (Ramachandran et al., 2003), studies have shown that 
their use, when combined with oil and water result in an increase in PAH uptake by fish exposed 
to this mixture (Ramachandran et al., 2003).  This information combined with the studies 
showing sharks already are storing PAH’s in their tissues provides evidence that N. brevirostris 
exposed to the oiled water from the Deepwater Horizon disaster may be storing higher than usual 
levels of PAHs within their body.  
 A lack of studies on the physiological impacts of oil any cartilaginous species made it 
necessary to look at petroleum effects on bony fishes.  Experiments on Atlantic cod (Gadus 
morhua) showed that prolonged exposure to crude oil resulted in decreased food consumption, 
increased gall-blader size, and a decreased rate of gametogensis in males (Kiceniuk and Khan, 
1987.)  A study on cunners (Tautogolabrus adspersus) exposed to crude oil for a period of 6 
months found that chronic exposure resulted in changes in testis somatic index, lens diameter, 
and plasma chloride (Payne et al., 1978).  Mortality in both of these studies was low (< 5%).  
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While limited research could be located on larger apex predators there may be some 
evidence to predict what may happen to a large migratory species.  Two pods (one resident and 
one transient) of killer whales (Orcinus orca) were observed swimming in oil following the 
Exxon Valdez spill in 1989.  These pods were monitored five years prior and 16 years post oil 
spill, and both saw reductions in populations of 33 and 41% (Matkin et al., 2008).  With both 
pods having distinct genetics and life histories, the only link between the heavy losses and the 
two pods is their interaction with the oil spill.  Unlike whales, sharks are equipped with well 
developed olfactory senses which may allow them to avoid or escape oiled waters, however even 
the migratory, transient pod of whales appeared to be affected by the oil (Matkin et al., 2008; 
Meredith and Kajiura, 2010).  This suggests that even short term exposure to oil or oiled prey 
may have a long term impact on an apex predator such as N. brevirostris.   
 All of the known lemon shark nursery grounds are associated with island habiats: 
Glover’s Reef, Belize; Bimini, Bahamas; Marquesas’ Keys, Florida; and now the Chandeleur 
Islands, Louisaina.  This makes them susceptable to habitat loss through increasing sea level.  
While most of these habitats are not in immediate danger of innundation, it has been estimated 
that these areas are vulnerable to complete submergence and abandonment by the end of the 21st 
century (Nicholls and Cazenave, 2010).  With the Chandeleur Islands experiencing high rates of 
relative sea-level rise (≥ 1.00 cm/year) it is important to monitor its population of N. brevirostris 
and its response to habitat partitioning and eventually habitat loss (Nicholls and Cazenave, 
2010).   Early research on the effects of sea level rise on population numbers may result in a false 
positive.  Partial inundation can increase potential habitat as the amount of edge habitat actually 
increases.  This increase in edge habitat is thought to be beneficial to the transient nekton species 
that are associated with the edge habitat.  Researchers modeling the effect of marsh breakup 
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determined that populations of edge-associated species increase consistently with water increase 
(Minnello and Rozas, 2002).  These increased numbers cannot be maintained as this 
submergence is unlikely to slow and nekton populations have been shown to decline when levels 
of open water reach above 25% (Minnello and Rozas, 2002).  The information that can be 
obtained over the next decade at the Chandeleur Islands has the potential to provide insight as to 
the future of other known nursery grounds over the next century.  
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Chapter 3 
 
Genetic diversity of lemon sharks (Negaprion brevirostris) at the 
Chandeleur Islands, Louisiana 
 
Introduction 
Research on the genetic structure of elasmobranch species is increasing as additional 
benefits are being discovered and their importance is better understood.  Researchers studying 
genetic structure are able to determine such information as habitat usage, migration patterns, and 
familial relationships. This is information that was usually only obtainable through constant 
tracking of individuals.  The lemon shark (Negaprion brevirostris) is one a few shark species 
whose genetics has been studied extensively.  Genetic structure from four different populations 
(Gullivan Bay, Florida; Marquesas Key, Florida; Bimini, Bahamas; and Atol das Rocas, Brazil) 
has been studied.  These studies revealed there is gene flow among all four populations with 
small, but significant, differences in genetic variation between the Brazil and Bahamas 
populations.  None of these populations, however, were distinguished as a distinct stock 
(Feldheim et al., 2001).  A later study sampling at Brazil, Bahamas, and the west coast of Africa 
found genetic structure exists among populations and the authors suggested that deeper, colder 
water may limit migration among populations (Schultz  et al., 2008).   Until the current study, 
there has been no genetic research on N. brevirostris from the Chandeleur Islands, Louisiana.  
Due to the remote location of these islands, it is possible that lemon sharks from this newly 
identified nursery ground might exhibit genetic structure separating this population from the 
other known populations.  If these sharks are consistently associated with the Chandeleur Islands 
as juveniles and then return to pup as adults, then their genetic structure may be unique and 
important to the genetic diversity of the entire species.  Structured populations such as the one 
that may exist at the Chandeleur Islands are also highly susceptible to localized exploitation or 
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large disturbances. In these populations there is little to no influx of new individuals or genes 
from immigrating individuals.  This results in a set population whose numbers can easily be 
affected by overfishing or a disturbance that could result in high mortality or habitat loss. 
 Different species of sharks exhibit varying amounts of natal site fidelity ranging in 
duration from seasonal (Dicken et al., 2007)  to several years long (Chapman et al., 2009).  As 
sharks grow larger they disperse away from there nursery grounds (Gruber et al., 1988).  
Previous studies have shown that N. brevirostris commonly associate with their nursery habitat 
for up to six years (Chapman et al. 2009).  While the mechanism which drives these sharks away 
from their nursery grounds is not completely understood, it is likely related to predation pressure, 
insufficient habitat, or the onset of sexual maturity.   The lack of information on what stimulates 
the exodus of sub-adults from the nursery ground makes it necessary to investigate the length of 
time which juvenile N. brevirostris remain at the Chandeleur Islands.  My research has 
confirmed that the habitats of most known N. brevirostris nursery grounds are different from 
those I studied on the Chandeleur Islands.  This northern habitat experiences colder temperatures 
(water and air) than the other studied lemon shark habitats.  If habitat plays a role in the 
movement of sharks out of their nursery grounds, it may be possible that juvenile N. brevirostris 
would exhibit a shorter duration of site fidelity in response to these colder temperatures.  If there 
is no difference between the site fidelity observed in this study and the research previously 
conducted at Bimini and other locations, it is possible to assume that the sharks are remaining in 
their nursery grounds for extended periods of time for protection or until they reach a certain 
state of sub-adulthood.  
Many marine animals exhibit natal homing including small fishes (Svedang et al., 2007; 
Dixson et al., 2008; Nordeng, 2008), sea turtles (Meylan et al., 1990; Bowen et al., 2004), and 
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even larger apex predators such as tuna and sharks (Keeney et al., 2003; Hueter et al. 2004; 
Carraro and Gladstone, 2006; Rooker et al. 2008).  Natal homing can be difficult to determine 
when relying solely on mark recapture data or tracking through the use of acoustic methods 
(Heupel et al., 2003; Svedang et al., 2007).  This type of research has been made easier through 
the use of genetic analysis and, in particular, the study of microsatellites.  Using genetic 
applications does not require recapturing individuals, assuming an adequate sample size can be 
collected for genetic analysis.  Microsatellites allow researchers to recreate a pedigree and 
determine which animals are parents, full siblings, or half siblings.  Through this information it is 
possible to infer if individuals are returning to the same locations across years.  Prior to using 
genetic techniques it has been found that juvenile N. brevirostris in Bimini and Brazil exhibited a 
high level of site fidelity (Morrissey and Gruber, 1993b; Wetherbee et al. 2007).  Genetic 
analysis performed on samples taken from individuals at the Marquesas Key nursery in Florida 
and at Bimini have shown that these animals return to the same location to give birth (Feldheim 
et al. 2002; Feldheim et al. 2004; DiBattista et al, 2008.).  Studying this breeding pattern in N. 
brevirostris is important because of essential fish habitat mandate instituted by NOAA.  Nursery 
grounds are of especial importance because current and future populations are susceptible to 
exploitation.  These nursery grounds become increasingly important for local conservation if 
sharks are returning to the same location across years.  If it is discovered that the same females 
are returning across years to pup at the Chandeleur Islands, it strengthens the need to promote the 
conservation of these habitats.   
 In May 2010, oil and dispersants from the Deepwater Horizon disaster reached the 
Chandeleur Islands and covered both the surf and the back barrier habitats used by N. breviostris.  
While the effects of oil on a top level predator such as a lemon shark has not been thoroughly 
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studied, shark repellent research has shown that certain surfactants can be a directional shark 
deterrent, but will not keep the animals out of an area (Sisneros and Nelson, 2001).  This 
suggests that despite their sensitivity to chemicals in the water (Matthewson and Hodgson, 1972; 
Sisneros and Nelson, 2001), sharks may not completely abandon a preferred habitat.  
Observational research supports this assumption as well.  For example, in the northeastern 
Atlantic Ocean, two studies observing anthropogenic effects on various marine animals observed 
sharks feeding within an oil slick (Goodale et al,. 1979, Sorensen et al, 1984).  Previously 
discussed results from this study indicate that some sharks do leave an oiled area, however many 
also remain in the area.  A similar loss of individuals at the Chandeleur Islands may result in a 
decrease of genetic variation of N. brevirostris in the northern Gulf of Mexico.  This increase in 
homozygosity occurs when the mating pool is reduced.   As the numbers at a particular 
population begin to decrease inbreeding increases among the individuals, as a result 
homozygosity increases can have a negative impact on the fitness of the animals within the wild 
population (Keller and Waller, 2002). 
Anthropogenic impacts on the genetic variation of N. brevirostris have been previously 
studied in Bimini, Bahamas in response to the construction of a resort in close proximity to a 
known nursery ground (DiBattista et al., 2010).  The Deepwater Horizon disaster resulted in 
another opportunity to study what effect human activities can potentially have on the genetic 
variation of this apex predator.   By looking at neutral genetic variation difference among 
animals collected pre- and post-oil spill, it is possible to assess if there will be long term effects 
of the oil and dispersants on the population of lemon sharks at the Chandeleur Islands.   
The purpose of my research was to collect genetic information from Chandeleur Island N. 
brevirostris using microsatellites to determine the breeding biology of this population and 
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compare this information to the current knowledge of N. brevirostris at other known nursery 
grounds.  The extent of inbreeding and the probability of a recent bottleneck were also 
investigated.  Using these data it was also possible determine the extent of population structure 
that exists among the four nursery grounds.  I also assessed whether there were any differences 
in genetic diversity pre- and post-oil spill. 
 
Materials and Methods 
Genetic Sample Collection 
 During related research involving the capture of lemon sharks at the Chandeleur Islands 
from 2008-2011 (Chapter 2), I collected tissue from a fin clip removed from the base of each 
shark’s first dorsal fin.  Samples were preserved in a buffer of 20% Dymethyl Sulfate (DMSO) 
until DNA analysis could be conducted.  A total of 147 individuals were sampled during the four 
year study.  DNA was extracted, amplified using PCR,  and genotypes were determined using an 
automated DNA analyzer (ABI 3730, Applied Biosystems Inc.).  The samples were genotyped 
using 11 microsatellite primer pairs described in previous literature (Feldheim et al., 2002a, b; 
DiBattista et al., 2008,).  Family relationships were inferred based on maximum likelihood 
analysis performed by COLONY software, version 2.0.1.1 (Wang, 2004).  The output of these 
data provided a list of full and half siblings, and assigned the individuals mothers and fathers.  
By assessing relationships between the mothers and their offspring it was possible to determine 
the frequency at which the female lemon sharks return to the Chandeleur Islands to pup.  
 
Genetic Diversity 
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 Genotypic analysis was performed in the previously described method, using PCR and an 
automated sequencer.  Genetic samples (n = 145) were analyzed and scored using Genemapper 
software (Applied Biosystems).  These data were entered into the genetic program STRUCURE 
(Pritchard et al., 2000) with samples from Bimini, Marquesas, and Belize.  This program uses 
multi-locus genotype data to look at population structure.  STRUCTURE uses a model-based 
clustering method (Bayesian approach) to infer population structure and assign individuals to 
populations.  For this part of the research STRUCTURE was used to determine if there were any 
distinct populations among any of the previously mentioned nursery grounds including the 
Chandeleur Islands.  This software uses microsatellite loci to determine if there are any 
population genetic subdivisions.  Subpopulations (K) were estimated using 10 independent runs 
of K = 1- 5.  Each run was performed using 100,000 MCMC repetitions and 100,000 ‘burn in’ 
periods.  The program GeneClass2 was also run using the samples mentioned above to determine 
the frequency of migrants between any of the known nursery grounds.  This program uses 
microsatellite data and maximum likelihood analysis to determine past migration rates among 
populations (Piry et al., 2004). 
 A population bottleneck occurs when either a new population is formed through a few 
migrants to an area or the population numbers are reduced.  In response to either of these events 
it is likely that there will be a decrease of heterozygosity to a minimal value.  The extent of the 
bottleneck will determine the time it will take for a population to recover from such effects (Nei 
et al., 1975).  Genetic diversity has a significant correlation with an animal’s fitness, implying 
that a population that undergoes a large bottleneck may have trouble recovering (Reed and 
Frankham 2003).  At the Chandeleur Islands, it is important to test for these bottlenecks given 
the recent impacts from tropical storms and the recent Deepwater Horizon disaster.  To test for 
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potential population declines, I calculated M-ratios for these lemon sharks.  This ratio (M) is the 
mean ratio of the number of alleles to the range in allele size (Garza and Williamson, 2011) and 
can be used to detect a possible reduction in population size.  As the population decreases so 
does the value of M.  The M ratio was calculated using the MValue software developed by Garza 
and Williamson (2001).  This software requires three values: effective population size (provided 
by COLONY), percentage of mutations greater than one step, and average size of a non-one-step 
mutation.  When a bottleneck occurs there is an increase of unoccupied alleles.  The test for M-
ratios compares unoccupied alleles to the number of potential allelic states.  Populations that 
have had bottlenecks will show a low M-ratio (Garza and Williamson, 2001).  M-ratios were run 
for all nine loci. 
 Inbreeding within the Chandeleur Island lemon shark population was investigated in 
three different ways.  The first test was performed using the previously mentioned COLONY 
genetic software.  COLONY estimates the average inbreeding coefficient using maximum 
likelihood estimates with a 95% confidence interval (Wang, 2004).  To further look at 
inbreeding,  Fis was calculated for each locus and for the Chandeleur Island population as a 
whole using FSTAT 2.9.3.2 (Goudet, 1995).  By calculating internal relatedness (IR) between 
individuals it is possible to determine how related the parents of the collected sharks were.  IR 
was calculated for each individual to determine the prevalence of inbreeding in this population.  
The program STORM (Frasier, 2008) was used to complete these calculations.  Following 
methods performed by Chapman et al., (2011), a correlation between IR and body size (TL) was 
also investigated to determine if individuals with higher IR died at an early age. 
 
Natal Site-Fidelity 
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 I measured the extent of natal site fidelity at the Chandeleur Islands using the best 
configuration pedigree output provided by COLONY.  The pedigree output was cross-checked 
with the collection data of the specimens.  Adult female N. brevirostris are known to breed one 
litter on a biennial or triennial basis.  This information makes it possible to use the collection 
dates to determine the amount of time that juvenile N. brevirostris are spending at the 
Chandeleur Islands.  If the pedigree indicated that individuals were full or half siblings their 
collection dates of collection were compared.  If the siblings were collected in the same year 
across different months, and were of similar size, it is possible to assume that these sharks were 
born from the same mother and staying or returning to the same area.  Knowledge of the growth 
rate of N. brevirostris also allows the ability to determine the duration these animals are 
remaining in their natal habitat.  Using an age-length growth curve generated by Bimini (the 
slowest growth rates known to N. brevirostris) and Brazil data (fastest growth rates), the 
pedigree output, and collection dates, it was possible for me to determine if sharks were 
remaining within or returning to the area across years (Freitas et al., 2006).  For example, if two 
sharks collected in the same year were indicated as full siblings by COLONY and one was 
measured as a third year fish and the other was clearly a neonate (umbilical scar present), based 
on research on juvenile lemon shark behavior it is highly likely that the third year fish has 
remained in the area for the entirety of its life, however at the very least the individual left and 
returned to the area at a later time.  Only full siblings can be used in this analysis because 
COLONY cannot distinguish between parents when analyzing half-siblings.  These two 
assumptions could be further supported by the previously discussed tagging regime. 
 
Philopatry 
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 To look at the number of female N. brevirostris that return to the Chandeleur Islands to 
give birth, it was necessary to look at the parental configurations provided by COLONY.  This 
program used microsatellites provided by the offspring to infer parentage.  Each individual 
sampled was assigned to a mother and father.  Using dates of collection and sizes as mentioned 
previously along with these parental relationships it would be possible to determine if the parents 
are returning to the islands.  As no captures of adults took place during this study it was 
impossible to determine which parent was returning for individuals designated as half-siblings, 
however using individuals identified as full siblings by COLONY it would be possible to 
determine how often the mothers returned.  For example, if two full siblings were of similar size, 
yet captured years apart, this would indicate that the shared mother of these animals returned to 
the Chandeleur Islands to pup separate litters.  
 
Anthropogenic Effects on Genetic Variation 
This study was in the unique position to study the effects of the Deepwater Horizon 
disaster on the genetic variation of the population of N. brevirostris at the Chandeleur Islands.  
Prior to the oil spill, 86 genetic samples were taken from May 2008 to August 2009.  Following 
the inundation of the Islands by oil and dispersants in early May 2010, 61 additional genetic 
samples were taken (May 2010 to August 2011).  To test for any effects this disturbance had on 
neutral genetic variation, four different measurements of genetic variation were analyzed using 
GenAlEx genetic software (Peakall and Smouse, 2006): (Na) number of alleles per locus, (Ho) 
observed heterozygosity, (He) expected heterozygosity, and (F) Fst.  Differences in response 
variables were tested between pre- and post-oil spill and across the 9 microsatellite loci.  
Differences in the number of alleles per locus were calculated using a paired t-test while the 
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remaining measurements were measured using Wilcoxon signed rank tests (R statistical 
software).  For all statistical analyses a confidence interval of 95% and alpha (α) level of 0.05 
were used. 
 
Results 
Genetic Diversity 
 From the 164 sharks collected from 2008 to 2011, microsatellites were typed from 145 of 
these animals.  Initially 11 loci were used for genetic analysis, however two loci (LS560 and 
LS801) were removed from analysis due to scoring difficulties.   Basic genetic information 
collected from the nine loci is as follows: mean number of alleles (13.88 ± 9.400), mean allelic 
richness (13.596), and observed and expected heterozygosity (0.649 ± 0.043 and 0.802 ± 0.035 
respectively; Table 3.1).  This information was compared to genetic information collected from 
the three other populations (Table 3.2).  
 
Genetic Structure 
 Bayesian cluster analysis run in STRUCTURE produced an estimated population 
number (K) of 2 (Figure 3.1) and a delta K of 6.723.  Among the four populations studied and 
447 total sharks sampled, there were a total of five migrants.  Two recently migrated individuals 
were detected in the Chandeleur Island population (one from the Marquesas and one from 
Belize).  A recent migrant was also detected in each of the other populations: Belize (from 
Marquesas), Bimini (from Belize), and Marquesas Keys (from Belize).  Fst numbers for each 
population were as follows: Chandeleur Islands: 0.178, Belize: -0.80, Bimini: -0.031, and 
Marquesas: -0.043 (Tables 3.1 and 3.2). Fst was compared between all populations and the 
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Chandeleur Island population was significantly different from other populations (ANOVA, F = 
9.811, p = 9.68e-05) 
 M-ratio analysis provided insight in to the extent of bottlenecking that could be occurring 
for lemon sharks at the Chandeleur Islands.  There was no evidence of a bottleneck taking place 
as M-ratios were high for most loci (0.263- 0.952, mean 0.679 ± .234; Table 3.1).  With the 
exception of LS22 (0.263), all loci showed evidence that most allelic states were occupied. 
An M-ratio could not be calculated for LS30 due to an error from the program.
  
 
  
Figure 3.1. Rate of change of the likelihood distribution of potential populations (K) using data 
provided by STRUCTURE on four 
Louisiana). 
52 
N. brevirostris populations (Belize, Bimini, Marquesas, and 
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Table 3.1.  Genetic information across all 9 loci sampled from the Chandeleur Islands N. brevirostris population (N=147). N= Sample 
Size, N= Number of Alleles, All. Rich =Allelic Richness, Ho= Observed Heterozygosity, He = Expected Heterozygosity, R= Size 
Range of Alleles, M = M-ratio, and Fis= Inbreeding Coefficient.  
Population Locus    N All. Rich He Ho R M Fis 
Gulf of Mexico LS54   5 4.823 0.632 0.589 10 0.853 0.071 
 LS572  7 6.771 0.734 0.756 37 0.611 -0.026 
 LS542  9 8.943 0.740 0.772 24 0.952 -0.042 
 LS596  13 13 0.863 0.845 40 0.945 0.025 
 LS75   7 7 0.793 0.419 10 0.667 0.474 
 LS22   18 17.796 0.885 0.642 39 0.263 0.277 
 LS30   11 10.69 0.710 0.620 34 - 0.129 
  LS52   35 33.688 0.934 0.657 73 0.615 0.3 
 LS48   20 19.651 0.928 0.543 40 0.523 0.418 
 Mean 13.889 13.596 0.802 0.649  0.679 0.181 
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Table 3.2. Genetic information across all 9 loci sampled from the Belize (N = 128), Bimini (N = 
360), and Marquesas (N = 112) N. brevirostris populations. N= Sample Size, N= Number of 
Alleles, All. Rich =Allelic Richness, Ho= Observed Heterozygosity, He = Expected 
Heterozygosity, R= Size Range of Alleles, M = M-ratio, and Fis= Inbreeding Coefficient. 
Location Locus N 
All. 
Rich He Ho R Fis 
Belize LS54   4.00 4 0.658 0.786 10 -0.176 
LS572  8.00 8 0.745 0.679 44 0.107 
LS542  9.00 9 0.791 0.821 40 -0.021 
LS596  9.00 9 0.820 0.929 32 -0.114 
LS75   4.00 4 0.715 0.786 10 -0.081 
LS22   12.00 12 0.879 0.964 38 -0.078 
LS30   7.00 7 0.790 0.893 22 -0.112 
LS52   17.00 17 0.916 1.000 58 -0.073 
LS48   14.00 14 0.907 0.929 34 -0.006 
Mean 9.33 9.33 0.80 0.87 32 -0.062 
Bimini LS54   4.00 4 0.582 0.663 10 -0.256 
LS572  7.00 6 0.727 0.738 44 -0.235 
LS542  10.00 7 0.751 0.750 40 0.169 
LS596  12.00 11 0.865 0.925 48 -0.017 
LS75   5.00 4 0.707 0.706 12 0.109 
LS22   17.00 11 0.892 0.956 40 -0.128 
LS30   12.00 10 0.746 0.780 36 -0.137 
LS52   36.00 24 0.946 0.950 80 -0.011 
LS48   25.00 19 0.939 0.875 50 0.047 
Mean 14.22 10.67 0.79 0.82 40 -0.051 
Marquesas LS54   4.00 4 0.590 0.607 10 -0.024 
LS572  6.00 5.991 0.751 0.830 40 -0.101 
LS542  10.00 9.991 0.677 0.768 40 -0.13 
LS596  11.00 11 0.875 0.875 40 0.004 
LS75   4.00 4 0.714 0.766 10 -0.068 
LS22   18.00 17.964 0.875 0.875 46 0.004 
LS30   16.00 15.964 0.832 0.830 40 0.007 
LS52   34.00 33.982 0.952 0.973 72 -0.017 
LS48   22.00 21.982 0.940 0.964 50 -0.022 
  Mean 13.89 13.87 0.80 0.83 38.67 -0.039 
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 The extent of inbreeding estimated by the COLONY maximum likelihood analysis was 
estimated at 0.209.  Internal relatedness (IR) was calculated for all individuals and was found to 
be significantly higher than IR values at other nurseries (ANOVA, F = 68.73, p < 2e-16; Figure 
3.3).  There was no significant correlation between total length (age) and IR values (r2 = 0.002).  
Fis analysis across the entire population showed a value of 0.194. 
 
Natal Site-Fidelity 
 Based on the best configuration pedigree output provided by COLONY it was determined 
that there were 15 full siblings and 247 half sibling relationships among the 145 sharks collected 
(Figure 3.2).  From these sibling relationships it was possible to determine that some of these 
sharks had siblings that had remained in the vicinity of the Chandeleur Island or returned, having 
left for several months and even years.  There were 14 instances where siblings of similar size 
were collected across separate time periods (Table 3.4).  Several of these siblings were 
designated as half-siblings by COLONY and while this program cannot determine which 
genotype belongs to the mother or father, the fact that these sharks were collected in separate 
months but were of similar sizes indicates that they could have been pupped by the same mother.  
This information implies that these litter mates are remaining or returning to the area across 
months.  For example, shark GOM28 was collected on 24 June 2008 with a TL of 90.7 cm.  This 
animal’s full sibling (shark GOM5) was collected on 26 May 2008 and had a TL of 88.0 cm.  
From the information provided on these sharks, it reveals that shark GOM28 had remained in the 
area for at least a month, and more likely at least 2.5 years, though it is possible the individual  
Table 3.3. Internal relatedness of N. brevirostris at the studied populations. IR values above 0.25 
indicate breeding between half siblings. N = number of indidivuals. 
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Population N Average IR % above 0.25 
Louisiana 145 0.206 37.931 
Bimini 160 -0.025 2.500 
Belize 28 -0.079 0.000 
Marquesas 112 -0.038 6.250 
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 Figure 3.2. COLONY constructed output identifying sibling relationships from lemon 
 sharks sampled at the Chandeleur Islands (N = 147).  
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Table 3.4. List of siblings showing short term natal site-fidelity (n=29).  Estimated age and birth year were calculated using length 
growth curves created by Brown and Gruber (1988) and Frietas, et al. (2008).  Siblings were assumed to have been pupped at the same 
time making it possible to determine length of stay at the nursery ground.  Relationships were created using data supplied by 
COLONY litter reconstruction. 
Mother # Father # Offspring ID Date of Capture Size TL (cm) Estimated Age  Estimated Birth Year Time at Nursery 
4 4 GOM5 5/26/2008 880 1 2007 
 
4 4 GOM28 6/24/2008 907 1.5 to 2 2006-2007 1 Month 
5 5 GOM6 5/27/2008 685 YOY 2008 
 
5 52 GOM103 5/1/2010 1000 2 to 3 2007-2008 2 Years 
6 22 GOM37 7/14/2009 682 YOY 2009 
 
6 22 GOM82 8/22/2009 700 YOY 2009 1 Month 
7 7 GOM8 5/26/2008 710 YOY 2008 
 
7 19 GOM32 6/23/2008 690 YOY 2008 
 
7 19 GOM40 5/10/2009 920 1.5 to 2 2007-2008 1 Year 
7 7 GOM55 6/9/2009 810 1 to 1.5 2008 1 Year 
11 10 GOM12 5/26/2008 640 YOY 2008 
 
11 1 GOM23 6/24/2008 660 YOY 2008 1 Month 
17 3 GOM20 6/25/2008 968 1.5 to 2 2006-2007 
 
17 27 GOM75 8/20/2009 1021 2 to 3 2006-2007 1 Year 
20 15 GOM24 6/25/2008 630 YOY 2008 
 
20 26 GOM130 8/16/2011 1096 2 to 3 2008-2009 3 Years 
22 1 GOM26 6/24/2008 750 YOY 2008 
 
22 1 GOM92 5/1/2010 978 1.5 to 2 2008 2 Years 
25 39 GOM68 7/13/2009 663 YOY 2009 
 
25 42 GOM74 8/20/2009 662 YOY 2009 1 Month 
31 29 GOM47 5/11/2009 645 YOY 2009 
 
31 14 GOM48 5/11/2009 660 YOY 2009 
 
31 6 GOM96 5/1/2010 800 1 2009 1 Year 
34 9 GOM66 7/12/2009 960 1.5-2 2007-2008 
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Table 3.4: Continued      
34 53 GOM132 8/17/2011 1280 3 to 4 2007-2008 2 years 
43 33 GOM67 7/12/2009 644 YOY 2009 
 
43 33 GOM80 8/21/2009 676 YOY 2009 1 Month 
60 27 GOM128 5/30/2011 760 1 2011 
 
60 41 GOM134 8/17/2011 720 YOY 2011 3 Months 
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left after pupping and returned later in life.  Age ranges were estimated using the minimum and 
maximum age/growth curves provided by studies completed in Brazil and Bimini (Figures 3.3 
and 3.4; Brown and Gruber, 1988; Frietas et al., 2006).  Using the length age/curve it was 
possible to identify 13 total sibling relationships which exhibit site-fidelity (Table 3.4).  This was 
determined by assessing sibling relationships that were sampled where sizes at collection were 
different, but estimated ages where similar.  For example, shark GOM20 was collected on 25 
June 2008 with a TL of 96.8 cm and its half sibling (shark GOM75) was collected on 20 August 
2009 with a TL of 102.1 cm.  Based on the length/age calculations by Brown and Gruber (1988), 
the larger shark was approximately 2 to 3 years old at capture, while the smaller shark was 1.5 to 
2 years old at capture.  Both sharks were likely to have been pupped at the same time and, being 
half-siblings, likely shared the same mother as their ages/sizes are so similar.  This information 
provides support for the possibility that N. brevirostris are showing site fidelity for the 
Chandeleur Islands.    
 
Philopatry 
 I estimated the rate at which female lemon sharks returned to pup at the Chandeleur 
Islands using the parental assignments estimated by COLONY.  The limitations of our tagging 
regime made philopatry difficult to determine at the Chandeleur Islands.  Current knowledge of 
breeding patterns of N. brevirostris indicates that this species reproduces biennially (Feldheim et 
al., 2002).  With this knowledge it was possible to determine the frequency in which the female 
N. brevirostris were returning to the Chandeleur Islands.  Out of the 111 potential parents 
determined by COLONY, only 29 of these could be investigated for philopatry due to the limited 
sample size and the inability of the program to distinguish between parents of half-siblings based  
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 Figure 3.3. Age-growth curve for lemon sharks at Bimini, Bahamas 
(from Brown and Gruber, 1988). 
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Figure 3.4. Age-growth curve for lemon sharks at  
Atol da Rocas, Brazil (from Frietas, et al., 2008). 
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lack of parental sampling.  The offspring from these individuals were all full siblings, reducing 
the number of mothers used to investigate for philopatry to 15.  Of those 15 individuals it was 
found that 7 females returned across years to pup.  An example of this involves sharks GOM131  
and GOM146.  Shark GOM131 was captured in 16 August 2011 and GOM146 was sampled on 
22 October 2010.  The extreme difference in sizes (68.0 cm versus 150 cm, respectively) 
indicates that there is no conceivable way for these sharks to have been born in the same litter.  
This provides evidence that sharks are returning to the Chandeleur Islands across years to pup.  
During this three year study, 7 of 15 females that could be included in this analysis returned to 
the Chandeleur Islands to give birth which is a rate of return of 47.0 % (Table 3.5). 
 
Anthropogenic Effects on Genetic Variation 
When comparing the measurements of neutral genetic variation before and after the 
Deepwater Horizon disaster, there did appear to be a trend of decreasing values across all 
measurements.  However, I found no significant differences in any of the measures of neutral  
genetic variation within lemon sharks from pre- to post-disaster.  Number of Alleles: W = 41, p = 
0.9646; Observed heterozygosity: W = 33, p = 0.5457; Expected heterozygosity: W = 48, p = 
0.5457; and Fst: W = 50, p = 0.4363 (Table 3.6).    
 
 
 
Discussion 
 
Genetic Structure 
Based on the results generated by STRUCTURE, the probable number of genetically 
distinct populations of N. brevirostris in the Gulf of Mexico is two.  From this output and when 
Fst values were compared, the data show that there are two genetically separate groups of lemon  
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Table 3.6. Mean number of alleles per locus (Na), Observed (Ho) and expected heterozygosity 
(He), and Fst for each loci in N. brevirostris sampled at the Chandeleur Islands from 2008 - 2009 
(n = 84) compared to samples collected from 2010 – 2011 (n =61). No significant differences 
were found pre and post oil spill (Wilcoxon Signed-Rank Test, P < 0.05).  
 
  Pre Oil Spill (2009)       Post Oil Spill (2010-2011)   
Microsatellite ID Na Ho He Fst   Na Ho He Fst 
Loc54 4.000 0.585 0.618 0.053  5.000 0.593 0.645 0.081 
Loc572 5.000 0.753 0.712 -0.058  7.000 0.759 0.755 -0.005 
Loc542 9.000 0.758 0.769 0.014  9.000 0.789 0.696 -0.135 
Loc596 13.000 0.836 0.851 0.018  10.000 0.860 0.866 0.006 
Loc75 7.000 0.368 0.828 0.555  5.000 0.483 0.703 0.313 
Loc22 15.000 0.566 0.880 0.357  18.000 0.738 0.875 0.157 
Loc30 10.000 0.584 0.743 0.214  10.000 0.667 0.657 -0.014 
Loc52 31.000 0.691 0.939 0.263  25.000 0.610 0.913 0.332 
Loc48 20.000 0.568 0.930 0.389  17.000 0.508 0.917 0.446 
Average 12.667 0.634 0.808 0.201  11.778 0.668 0.781 0.131 
SE 2.843 0.047 0.035 0.069   2.266 0.043 0.037 0.065 
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sharks, the Chandeleur Island population and the individuals included from Bimini, the 
Marquesas, and Belize. (Figure 3.5).  Migration was thought to be a potential explanation for the 
lack of structure seen among all of the nursery grounds, however after examining the output 
provided by GeneClass2, there did not seem to be an abundance of migrants that could account 
for the joining of three of the nurseries as one population.  More genetic samples from these 
other nursery grounds may result in higher numbers of migration as only 28 samples were 
collected from Belize.    
 All tests of inbreeding indicate that mating between close relatives in common among 
lemon sharks at the Chandeleur Islands.  Of all sampled sharks, 30% showed an IR higher than 
0.25, the value expected for the offspring of half-sibling mating (Frere et al., 2010).  Internal 
relatedness is important to monitor in small populations as there is usually a positive correlation 
between IR and decreased fitness.  In dolphins it has been found that mothers with high IR 
values have reduced calving success and offspring with high IR levels generally wean later in 
life (Frere et al., 2010).  Similar decreases in fitness due to high levels of internal relatedness has 
been found in other aquatic vertebrates such as salmon (Salmo salar, deformed fry; Tiira et al., 
2006), grey seals (Halichoerus grypus, high juvenile mortality; Bean et al., 2004)), and brown 
trout (Salmo trutta, altered behavior and deformed fry; Tiira et al., 2006, Vilhunen et al., 2008).  
From these studies it appears that individuals with high IR values show a high mortality early in 
life so older and larger individuals should show a decrease in IR when compared to smaller 
sharks, however there was no correlation between TL and IR values.   
 High IR values are thought to be rare among elasmobranch populations, even a highly 
depressed population of sawfish in Florida showed an average IR value of -0.02 (Chapman et al., 
2011).  It has been suggested by Chapman et al. (2011) that elsamobranchs keep inbreeding at a  
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 Figure 3.5. STRUCTURE produced bar plot (N=447) Populations: 1 = Chandeleur Islands, 
Louisiana 2: Belize 3: Bimini, Bahamas 4:Marqeusas Keys, Florida. The four colors represent 
the genetic separation between the four estimated populations. The genetic structure appears to 
show two geographic areas indicating two genetically distinct populations between the 
Chandeleur Islands and the other 3 populations. 
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minimum due to life history and reproductive patterns .  However a study by Mourier and Planes  
(2013) on Carcharhinus melaopterus (blacktip reef shark) found IR levels over 0.25 in 8% of 
their 61 sharks, while much lower than the 30% found in this study it does support the high 
levels of inbreeding at the Chandeleur Islands.   
M-ratios were used to test for any indications of a bottleneck that may have taken place at 
the Chandeleur Islands.  It is possible that the existence of two genetically distinct populations 
with the occasional migrant from the other geographic locations keeps a bottle neck from 
occurring within the Chandeleur Island lemon sharks, despite the high rate of inbreeding. 
 The population structure results are similar to other studies comparing genetics among 
populations of N. brevirostris. Feldheim et al. (2001) found variation between Brazil and Bimini 
while Shultz et al. (2008) found similar results and further structure between the east Atlantic 
population.  Shultz et al., (2008) hypothesized that ocean depth may result in the separation, as 
N. brevirostris are a subtropical nektobenthic species and may be disinclined to travel through 
waters below preferred temperatures.  While this hypothesis fits the genetic separation these 
authors found, it does not work at the Chandeleur Islands.  The Chandeleur Islands lie on the 
continental shelf and sharks could travel along the shallow waters of the shelf between 
populations in both FL and TX.  The coast of Louisiana has been experiencing extreme erosion 
and land loss over the past century (Kulp, 2005).  It is possible that Chandeleur Island N. 
brevirostris are part of a relic population of a larger range of the species from Florida to Texas.  
The loss of extensive barrier islands around Louisiana may have resulted in a loss of suitable 
habitat resulting in a decrease in numbers and habitat range, essentially separating the Texas and 
Florida populations.  Further comparisons are needed to determine the genetic structure between 
all Gulf of Mexico N. brevirostris populations.  
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Natal Site Fidelity 
 Perhaps the most important criterion in classifying an area as a nursery ground is the 
extended stay within the area by the young sharks.  It is necessary to determine how long these 
animals stay in an area to judge how important the nursery is to the continuation of the species.  
If the animals only use the nursery ground for a limited period of time, it is possible that any 
short-term disturbances such as hurricanes or even the Deepwater Horizon disaster may have a 
minimal impact.  However, if the animals are remaining in the areas for a significant portion of 
their lives, then any disturbance may have a negative impact across several year classes.  In other 
N. brevirostris nursery grounds it has been found that the immature sharks remain in these areas 
for up to six years (Chapman et al., 2009).  Using the two length growth curves from the fastest 
(Figure 3.3) and slowest areas of growth (Figure 3.4) it is possible to estimate that the sharks 
sampled in this study show some affinity for the Chandeleur Islands until they are 5-8 years old 
(depending on actual growth rate).  As sharks were not continuously tracked during this study it 
is not possible to determine if the sharks were remaining at the islands or returning to the islands, 
however when looking at behavior exhibited at other known N. brevirostris nursery grounds it is 
likely that these animals are showing a similar rate of site fidelity (Morrisey and Gruber, 1993; 
Edren and Gruber, 2005; Freitas et al., 2006; Franks, 2007; DeAngelis et al., 2008, Chapman et 
al, 2009).  While most of the sharks collected during this study were neither recaptured or full 
siblings with other collected sharks (Chapman et al., 2009), the isolated nature of the Chandeleur 
Islands and lack of other N. brevirostris populations nearby indicate these animals are not 
migrating from other areas and were pupped in these habitats.  This was supported using 
GeneClass2 genetic software that revealed limited estimates of migration among the Chandeleur 
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Islands populations and the other three populations that were sampled genetically (4 migrants).  
My study indicates that N. brevirostris at the Chandeleur Islands exhibit a similar pattern in the 
amount of time these animals remain in their natal grounds.  This information also indicates that 
these islands play an important role in the early life history of a spatially isolated N. brevirostris 
population.  Of particular conservation concern is the fact that this habitat is under threat of 
inundation due to land loss, sea level rise, and increased tropical storm activity. 
 
Philopatry 
 As more effort is being spent to locate nursery grounds to meet the demands set forth by 
the Magnuson-Stevens Fishery Conservation and Management Act (NOAA, 1996), it is 
becoming equally important to determine the frequency in which these nursery grounds are used.  
Other studies have shown that natal homing is common within the marine environment and 
sharks may exhibit a similar pattern.  Chandeleur Island N. brevirostris follow the pattern of 
philopatry seen in other known nursery grounds with females pupping at this nursery returning at 
a rate of 46.67 %.  This breeding behavior can have species-wide implications if interrupted by 
negligent fisheries management or habitat loss.  Fisheries independent studies in the northern 
Gulf of Mexico have failed to capture any large number of juvenile N. brevirostris and adult 
individuals appear to be equally rare in these samples (Neer et al., 2007; Parsons and Hoffmayer, 
2007).  This indicates that N. brevirostris is not abundant in the region.  If the Chandeleur Islands 
are in fact the only nursery ground in this area, then the high degree of natal homing is indicative 
of the importance of this habitat.  These islands are experiencing high amounts of land loss due 
to increased tropical activity and the habitat is threatened by the Deepwater Horizon disaster and 
subsequent response measures (sand-berm creation/dredging).  Should this habitat become 
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unusable to adult female N. brevirostris attempting to pup, it could result in loss of genetic 
diversity within the northern Gulf of Mexico lemon shark population (DiBattista, 2008). 
 
Anthropogenic Effects on the Population 
 Following the Deepwater Horizon disaster, lemon sharks at the Chandeleur Islands 
showed no change in genetic diversity.  With the data from the previous study indicating a drop 
in CPUE following the oil spill, this was somewhat unexpected.  Fewer sharks in the area should 
result in a shift towards homozygosity as inbreeding increases due to a lack of mates (Barrett and 
Charlesworth, 1991).  A similar result was found in Bimini, in a study looking at the effects of 
habitat loss on neutral genetic variation.  The Bimini research recorded an increase in genetic 
diversity following this habitat loss (DiBattista et al., 2010).  The authors of this study offer two 
possibilities to explain the increase in variability they observed: 1. an increase in breeding 
population, delaying the expected genetic variation decline and 2. the buffering of genetic 
variance by other nursery grounds nearby (DiBattista et al., 2010).  With the lack of any 
additional nearby nursery grounds, it is assumed that my study did not sample the breeding 
population for a long enough time period to get a clear indication of the genetic variance 
occurring at the Chandeleur Islands.  With a decreasing trend in heterozygosity, it is important to 
continue to monitor the genetic health of this population.  Further research could use the samples 
collected during this study and monitor the genetic measures mentioned here to determine if the 
breeding population is remaining at its current size and keeping a healthy level of genetic 
variation. 
 
Possible Variability in Breeding Behavior  
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While a majority of N. brevirostris breed on a biennial cycle, it has been noted at least 
once that they may exhibit a shorter reproductive cycle (Feldheim et al. 2001).  In my study at 
least 1 of the 15 total females assigned as mothers to the juveniles classified as full siblings 
appeared to have shown a single year gestation period.  This was determined by looking at the 
size of the individuals when they were collected and the date of capture.  For example, siblings 
GOM53 and GOM100 were collected on 8 June 2008 and 1 May 2009 with lengths (TL) of 74 
and 72 cm respectively.  Several other species previously thought to be biennial reproducers 
have been found to actually have a one year reproductive cycle in certain populations (Driggers 
and Hoffmayer, 2009; Hoffmayer et al, unpublished).  Both of these studies noted the currently 
accepted biennial reproduction in Atlantic species, however individuals collected from 
populations in the northern Gulf of Mexico showed evidence of a single year reproductive cycle.  
With no other studies of N. brevirostris reproductive biology conducted on the populations in the 
Gulf, this may provide the first evidence showing this alternate breeding behavior.  Other 
explanations may exist as well.  It is possible that there was decreased growth rate leading to 
inaccurate assumptions of litter years.  It is also possible that the software (COLONY) 
misidentified the parental relationships, assuming a maternal relationship when it should have 
been a paternal one.   
This study indicates that the Chandeleur Island population of N. brevirostris show genetic 
structure that shows separation from three other populations (Bimini, Belize, and Marquesas).  
The most likely explanation for the separation is the extent of inbreeding found among this 
population.  Thirty eight percent of the sharks sampled at the Chandeleur Islands showed high 
levels of internal relatedness, an extremely high level not common among elasmobranchs.  
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Further loss of genetic variation from reduced numbers in response to increased fishing pressure 
or habitat loss could result in reduced fitness for the entire population. 
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Chapter 4 
 
The Chandeleur Islands as a nursery ground for lemon sharks (N. 
brevirostris)  
 
Introduction 
Lemon sharks (Negaprion brevirostris) are targeted by commercial and recreational 
fisheries in the western Atlantic and eastern Pacific, even though this species is regarded as near-
threatened by the IUCN (2008).  Large bodied sharks such as N. brevirostris are particularly 
difficult to study because of their wide distribution and range.  Nursery habitats provide a unique 
study site for certain shark species as individuals of all age groups are present: adults, juveniles, 
young-of year (YOY), and neonates (presence of visible umbilical scar).  The problem arises 
when trying to determine a proper scientific definition of the term “nursery ground”.  Recently, 
researchers have dismissed the original definition of a nursery ground, specifically that it is an 
area that contained recently spawned or juvenile fish.  Over the past few decades, there have 
been a number of definitions published in various articles defining what it means to be a nursery 
ground, all of which provide evidence that a nursery ground is not merely an area with an 
abundance of young fish (Beck et al., 2001; Sheaves and Molony, 2001; Dahlgren et al., 2006; 
Sheaves et al., 2006; Heupel et al., 2007).  Only one of the recently accepted nursery ground 
definitions applies directly to elasmobranchs (Heupel et al., 2007).  A benefit of this definition, 
and the reason for its use in this study was the ability to test the theory using the provided set of 
criteria.   According to Heupel et al. (2007), there are three requirements that must be met for an 
area to be considered a nursery ground for sharks:    
 Criterion 1. sharks are at a higher density in the potential nursery area than in similar 
 areas nearby;  
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 Criterion 2. sharks remain in the area for weeks or months at a time;  and  
 Criterion 3. the area or habitat is used repeatedly across years. 
  
Typical lemon shark nurseries are characterized by bays and shallow lagoons with a 
minimal tidal range (Gruber and Myrberg Jr, 1977; Morrissey and Gruber, 1993a; Morrissey and  
Gruber, 1993b; Feldheim et al., 2002; Edren and Gruber, 2004; Wetherbee et al., 2007).  An 
exception to these nursery conditions exists occurs on Atol da Rocas, Brazil (Wetherbee et al., 
2007).  The use of barrier islands as nursery habitats for lemon sharks has yet to be described.  
Similar to Atol da Rocas, barrier islands off the coast of Louisiana show a tidal range which can 
leave potential nursery habitat dry at low tide.  The Louisiana barrier islands also lack the mature 
mangrove habitats common among most known lemon shark nursery grounds.  They do, 
however, contain healthy seagrass beds unlike Atol da Rocas (Moore, 1963; Michot et al. 2006; 
Wetherbee et al., 2007).    
Juvenile N. brevirostris have been observed at the Chandeleur Islands, Louisiana 
continuously since the early 1970s (Laska, 1973).  Until recently, the presence of a number of 
juvenile individuals would have been sufficient for researchers to state that these islands are a 
nursery ground for this species.  However, to conserve any species, it is necessary to learn the 
extent to which the animals are using this habitat (NOAA, 1996).  Little is known about N. 
brevirostris in the northern Gulf of Mexico, including information on potential nursery grounds.  
This makes defining the Chandeleur Islands a nursery ground for N. brevirostris an important 
step in understanding the areas being used by these animals.  Gathering data on how this 
population is using this habitat is also important because of the current state of Louisiana 
wetlands.  With areas experiencing sea-level rise of up to 1 cm/year, the Chandeleur Islands are 
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currently threatened (Kulp, 2005).  Should this population be isolated to the northern Gulf of 
Mexico, it is especially important to classify the Chandeleur Islands as a nursery ground for 
conservation reasons.  The goal of this research was to use recently collected data on N. 
brevirostris to test the hypothesis that the Chandeleur Islands serve as nursery grounds under the 
criteria described by Heupel et al. (2007).  This was accomplished by reviewing shark data 
collected from both fishery-dependent and fishery-independent sources throughout the Gulf of 
Mexico, sampling N. brevirostris at the Chandeleur Islands, and analyzing genetic information 
collected from these sharks. 
 
Methods 
Shark Collection and Study Site 
Between April 2009 and August 2011, N. brevirostris were sampled at the Chandeleur 
Islands in Southeast Louisiana (Figure 4.1) on nine separate occasions.  These targeted sampling 
efforts were conducted during pupping periods (May through October).  Pupping periods were 
targeted so that both offspring and mothers had the potential to be collected.  Sampling consisted 
of two researchers using a small skiff (4.88 m) outfitted with a ladder (2.44 m) for spotting the 
sharks.  One researcher searched for sharks from the top of the ladder while the other poled the 
skiff through shallow water (0.5 – 2 m).  Each researcher was equipped with a 2.13 m spinning 
rod outfitted with 13.6 kg braided fishing line.  A steel leader was attached to the fishing line and 
a 3/0 J-hook was connected to the leader.  Lines were primarily baited with either juvenile spot 
(Leiostomus xanthurus) or pinfish (Lagodon rhomboides).  The sampling effort took place from 
0800 and generally continued until 1800, unless interrupted by storm activity.   
 
  
Figure 4.1. Location of the Chandeleur Islands in the northern Gulf of Mexico.
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When a shark was sighted, bait was cast and placed in the vicinity of the individual until 
the subject took the hook.  The shark was allowed to eat the bait and remain on the line until the 
hook could be set.  Coordinates were taken with a handheld GPS-72h (Garmin International Inc., 
Chicago, Ill., USA) when sharks were sighted.  Once each shark was captured it was brought 
aboard the boat.  It was then sexed, measured (total length, fork length, and pre-caudal length),  
and weighed.  The shark was then scanned with a Pocket Reader (Biomark Inc., Boise, ID) 
passive integrated transponder (PIT) tag reader.  If the individual was untagged it was then 
injected with a HPT12 PIT tag (Biomark Inc., Boise, ID) at the bottom left side of their first 
dorsal fin.  When biological data were taken from the shark and the tag was injected, it was 
released.  All sharks were collected and handled under UNO-IACUC protocol #09-009 
To determine if the Chandeleur Islands can be classified as a nursery ground under the 
definition provided by Heupel et al. (2007), shark collection data from the Chandeleur Islands 
were combined with scientific data collected throughout the Gulf of Mexico (Table 4.1).  The 
first criterion of this definition is based on the location of the nursery.  It states that sharks will be 
more common within the area compared to other areas.  To determine if the Chandeleur Islands 
are used more frequently by lemon sharks than other similar habitats nearby, a review was 
conducted on both fishery-dependent and fishery-independent collected data and journal articles 
on the northern Gulf of Mexico.  The data collected were analyzed using ESRI ArcMap 10.0 
(ESRI, Redlands, CA, USA) following procedures outlined in Norton et al., (2012).  The Spatial 
Analyst Kernal Density tool was used to calculate the density of all N. brevirostris captures 
throughout the Gulf of Mexico in 1 km2 grids.   
The second requirement of a nursery ground is that sharks will have a tendency to remain 
at the site or return to the site for extended periods.  To investigate residency patterns at the  
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Table 4.1. Sources of data for N. brevirostris collections throughout the Gulf of Mexico   
Source Location 
Lemon 
Sharks 
TL 
Range Years Gear 
Texas Parks and Wildlife                                 
   Dr. Walter Bubley Texas Coast 192 57.3-114 1982-2010 Gillnet 
GULFSPAN                                                                  
Dr. William Driggers Northeast Gulf 4 79-170 1998-2000 Long Line 
NOAA                                                                   
John Carlson Florida Coast 5 NA 1995-2011 Long Line 
R.J. Dunlap Marine Conservation 
Program  
Neil Hammerschlag Florida Bay 95 130-300 2009-2011 Long Line 
Bimini Biologiccal Field Station                                    
Drs. Samuel Gruber and Tristan 
Guttridge Marquesas, FL 383 58-272 1998-2010 
Gillnet/Long 
Line 
Rookery Bay Estuarine Reserve                             
Patrick O'Donnell Florida Gulf Coast 97 67-190 2000-2012 
Gillnet/Long 
Line 
Gulf Coastal Research Laboratory                
Jill Hendon 
Northern Gulf of 
Mexico 
0 0 1998 - 2011 Long Line 
Parsons and Hoffmayer, 2007                                          
Dr. Glenn Parsons 
Northern Gulf of 
Mexico 0 0 1997 - 2000 Long Line 
Neer et al, 2007                                                                  
Dr. Julie Neer Southern Louisiana 1 180 1999 - 2001 Long Line 
 79 
 
Chandeleur Islands, it was necessary to conduct genetic analysis using microsatellites. 
Microsatellites were chosen for their ability to identify familial relationships; this reduces the 
need to recapture individuals.  If two sharks are determined to be full siblings through genetic 
analysis, it can be assumed that the individuals were pupped at location of capture at the same 
time.  For each shark a fin clip was removed from the base of each shark’s first dorsal fin.   
Samples were preserved in a buffer of 20% Dimethyl Sulfate (DMSO) until DNA 
analysis could be conducted.  A total of 147 individuals were sampled during the three year 
study.  DNA was extracted and PCR amplification was conducted.  Genotypes were determined 
using an automated DNA analyzer (ABI 3730, Applied Biosystems Inc.), using 11 microsatellite 
primer pairs described in previous literature (Feldheim et al., 2002; DiBattista et al., 2008,).  
Family relationships were inferred based on maximum likelihood analysis performed by 
COLONY software, version 2.0.1.1 (Wang, 2004).  The output of these data provided a list of 
full and half siblings, and assigned the individuals mothers and fathers.  By comparing parental 
relationships, size at collection, and sibling relationships, it was possible to determine if an 
individual remained or returned to the area. 
 Using information from the tagging regime and genetic analysis, it was possible to 
determine the extent to which these sharks were remaining at or returning to the Chandeleur 
Islands.  The recapture of individuals tagged with PIT or FLOY tags was used to show that 
lemon sharks were remaining in an area for an extended period of time.  The movement patterns 
of the sharks outfitted with SPOT-5 satellite tags were used to determine the amount of time 
sharks spent at the Chandeleur Islands.  This approach also revealed if these same sharks 
returned to the Chandeleur Islands over time.   
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To investigate whether lemon sharks were returning to the Chandeleur Islands across 
years, the known localities of all sharks were mapped by year to determine where repeat use was 
occurring.  Length and date of collection were also compared to ensure that those returning 
individuals being investigated were actually juveniles (individuals less than 160 cm in length).  
By looking at relationships between the mothers and their offspring, it was possible to determine 
the frequency in which the female lemon sharks returned to the Chandeleur Islands to pup. 
 
Results 
Criterion 1  
Criterion 1 states that sharks are at a higher density in the nursery in comparison to 
surrounding areas.  This was initially investigated by contacting researchers that may have 
collected N. brevirostris in the northern Gulf of Mexico.  This proved inadequate for density 
analysis due to a low number of sharks collected.  For example, researchers at the Mississippi 
NOAA Laboratory only collected five adult (fork length Range: 202 – 300 cm) individuals in 
3000 100 hook sets from 1995 to 2011 (William Driggers, personal communication, 13 March 
2012).  Other researchers from the Gulf Coast Research Laboratory (GCRL) at Ocean Springs, 
Mississippi have randomly sampled north and south of the Mississippi barrier islands and in the 
northern Chandeleur Sound from 1998 to 2011, but never collected N. brevirostris.  The lack of 
N. brevirostris collections in these locations led us to conduct a literature search on published 
fisheries data. 
Researchers from GCRL conducted a three year (1997 to 2000) long line sampling along 
the barrier islands of Alabama and Mississippi.  The islands included in this study ranged from 
16 – 100 km north of the Chandeleur Islands and have the most similar habitat within the 
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immediate vicinity.  During this study, 100 sampling trips were made and over 2,200 sharks were 
captured.  Large numbers of YOY and juvenile sharks of several species were collected during 
this research.  However, no N. brevirostris of any age were collected.   
Similar research was conducted around barrier islands in southern Louisiana.  Three 
barrier islands in Terrebonne and Timbalier bays (150 km from the Chandeleur Islands) were 
sampled across three years, 1999 to 2001 (Neer et al., 2007).  During this study 1,002 sharks 
from eight species were collected and the authors state that neonate and YOY individuals made 
up approximately 80% of the catch.  From these samples, only one N. brevirostris was collected 
and that individual was a 1.8 m female (Neer et al., 2007). 
Researchers from the Nekton Research Laboratory (NRL) at the University of New 
Orleans have conducted fisheries independent research in Lake Borgne from 2009 to 2011.  Lake 
Borgne is an extension of the Gulf of Mexico and serves as a lagoon and entry in to Lake 
Pontchartrain.  The NRL sampled three sites within this estuary: Rabbit Island, Half Moon 
Island, and Grand Pass.  The third site is only 11 km away from Cat Island (Parsons and 
Hoffmayer 2007) and 33 km away from the Chandeleur Islands.  Samples were taken using 
gillnets and the strike method.  The strike method is used by the Louisiana Department of 
Wildlife and Fisheries and involves deploying the gill net from a research vessel and circling 
around the net three times (Whitmore, 2006).  The gillnet used in Lake Borgne was a a 91.5 m X 
1.8 m high net with six alternating mesh panels of 20.3 cm and 5.0 cm mesh.  Over the course of 
three years, no N. brevirostris were taken at any of the sites in Lake Borgne.  During one 
sampling trip at Grand Pass, a juvenile shark resembling a N. brevirostris was observed in the 
surf, but this was not confirmed through collection.  
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Due to an absence of published data on N. brevirostris in the northern Gulf of Mexico, 
researchers throughout the Gulf of Mexico were contacted for any data they may have collected 
on N. brevirostris occurrence.  Data collected from throughout the Gulf show several areas 
where there are high densities of N. brevirostris.  The areas with the highest densities were the 
Marquesas Keys, Florida (160 sharks/km2), Rookery Bay Estuarine Reserve, Florida (26 
sharks/km2,), south of Everglades National Park, Florida, (26 sharks/km2), and the Chandeleur 
Islands (29 sharks/km2; Figure 4.2).  The area south of Everglades National Park was omitted as  
a possible nursery due to the maturity of the animals, as all were of sufficient size to be labeled 
as adults.  Juvenile shark collection data were also analyzed from Texas; however there was no 
particular area within Texas that could be classified as being a potential nursery ground because 
of the low densities.   
 
Criterion 2 
 For criterion two to be met, sharks must remain or return to the area of the nursery 
ground for an extended period of time.  During the course of this study, 126 sharks were 
collected and tagged with PIT tags and six individuals were outfitted with SPOT5 satellite tags.  
Prior to 2009, 38 sharks were taken by NRL researchers during routine fish assemblage 
sampling.  These sharks were all tagged with FLOY tags for identification, bringing a total of 
164 sharks tagged by some method since May 2008.  Over the course of the four years of this 
study, only two recaptures were made.  The first recapture came on 26 September 2008, three 
months after the shark was initially tagged on 24 June 2008 (biological and geographical 
information for this recapture could not be located).  The second recapture took place on 8 June 
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2009, almost a year after the shark was originally tagged on 4 June 2008.  This second individual 
was caught less than 1 km from its original capture location. 
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Figure 4.2 Density (sharks per km2) of N. brevirostris collected around the Gulf of Mexico 
1998-2011.  Inserts show Marquesas FL sampled from 1998 – 2011 (bottom left), Rookery Bay 
Estuarine Reserve, FL sampled from 1998 – 2011 (top right), and Chandeleur Islands sampled 
from 2008 – 2011 (top left). 
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 SPOT5 satellite tags (Wildlife Computers, Inc.) use a network of GPS satellites to 
provide real-time location updates on movement patterns of the tagged individuals.  When the 
tag breaks the surface of the water a signal is transmitted to the satellite array providing GPS 
coordinates, temperature, and duration the tag was out of water.  These tags were attached on the 
first dorsal fin of the shark using four steel bolts. Researchers tagged a total of six sub-adult 
lemon sharks (4 males and 2 females) ranging in size from 106 to 177 cm TL.  Data were 
received from the tags for time periods ranging from 2 – 27 d (Table 4.2), but were only received  
intermittently throughout the duration of the tags’ life.  The short life span of the tags may have 
been caused by battery problems, tag malfunction, weather conditions, or tag removal by the 
animals themselves.   
 Using the microsatellite and parental analysis, it was possible to determine if young 
sharks were using the Chandeleur Islands for extended periods of time.  This pedigree analysis 
showed full and half sibling relationships. If a pair of sharks was designated as being full or half 
siblings and they were similar sizes at capture it can be assumed from these relationships and 
information from other studies indicating high site-fidelity by lemon sharks, that these animals 
were pupped at the same time (Chapman et al., 2009).  From the sizes of the animals and the 
dates caught, it was possible to determine that 26 individual sharks remained or returned to this 
area for at least a month at a time (Table 4.3).  These sharks were not continuously monitored 
during this experiment making it impossible to tell if the sharks remained at the nursery from 
birth or if they returned to the areas later in life during which they were sampled. 
 
Criterion 3 
 Captures across the study sites indicate a continuous presence of juvenile N. brevirostris 
at three of the areas examined in the Gulf of Mexico: the Chandeleur Islands, (Louisiana) the  
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Table 4.2. Dates of transmission and distance traveled from satellite tagged N. brevirostrsis (n = 
6) at the Chandeleur Islands from 9 June 2009 – 21 Aug 2009. 
  
Shark Sex Length 
Tagging 
Date 
Final Transmission 
Date 
Distance 
Traveled 
91364 Male 120 9-Jun-09 12-Jun-09 4.8 km 
91367 Male 141 9-Jun-09 5-Jul-09 17.4 km 
91368 Male 112 9-Jun-09 20-Jun-09 13.5 km 
91369 Male 177 9-Jun-09 27-Jun-09 6.2 km 
91366 Female 106 13-Jul-09 21-Jul-09 10.3 km 
91365 Female 142 21-Aug-09 21-Aug-09 1.6 km 
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Table 4.3 Siblings from the same litters showing short term natal site-fidelity (n=14).  Created using data supplied by COLONY litter 
reconstruction. 
Mother 
# 
Father 
# 
Offspring 
ID 
Date of 
Capture 
Size TL 
(mm) 
Estimated 
Age  
Estimated Birth 
Year 
Time Spent at or Between Visits 
to Nursery 
4 4 GOM5 5/26/2008 880 1 2007  
4 4 GOM28 6/24/2008 907 1.5 to 2 2006-2007 1 Month 
5 5 GOM6 5/27/2008 685 YOY 2008  
5 52 GOM103 5/1/2010 1000 2 to 3 2007-2008 2 Years 
6 22 GOM37 7/14/2009 682 YOY 2009  
6 22 GOM82 8/22/2009 700 YOY 2009 1 Month 
7 7 GOM8 5/26/2008 710 YOY 2008  
7 19 GOM32 6/23/2008 690 YOY 2008  
7 19 GOM40 5/10/2009 920 1.5 to 2 2007-2008 1 Year 
7 7 GOM55 6/9/2009 810 1 to 1.5 2008 1 Year 
11 10 GOM12 5/26/2008 640 YOY 2008  
11 1 GOM23 6/24/2008 660 YOY 2008 1 Month 
17 3 GOM20 6/25/2008 968 1.5 to 2 2006-2007  
17 27 GOM75 8/20/2009 1021 2 to 3 2006-2007 1 Year 
20 15 GOM24 6/25/2008 630 YOY 2008  
20 26 GOM130 8/16/2011 1096 2 to 3 2008-2009 3 Years 
22 1 GOM26 6/24/2008 750 YOY 2008  
22 1 GOM92 5/1/2010 978 1.5 to 2 2008 2 Years 
25 39 GOM68 7/13/2009 663 YOY 2009  
25 42 GOM74 8/20/2009 662 YOY 2009 1 Month 
31 29 GOM47 5/11/2009 645 YOY 2009  
31 14 GOM48 5/11/2009 660 YOY 2009  
31 6 GOM96 5/1/2010 800 1 2009 1 Year 
34 9 GOM66 7/12/2009 960 1.5-2 2007-2008  
34 53 GOM132 8/17/2011 1280 3 to 4 2007-2008 2 years 
43 33 GOM67 7/12/2009 644 YOY 2009  
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Table 4.3: Continued      
Mother 
# 
Father 
# 
Offspring 
ID 
Date of 
Capture 
Size TL 
(mm) 
Estimated 
Age  
Estimated Birth 
Year 
Time Spent at or Between Visits 
to Nursery 
43 33 GOM80 8/21/2009 676 YOY 2009 1 Month 
60 27 GOM128 5/30/2011 760 1 2011  
60 41 GOM134 8/17/2011 720 YOY 2011 3 Months 
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Marquesas Keys, (Florida) and Rookery Bay Estuarine Reserve (Florida).  Collections of N. 
brevirostris in Texas also followed this pattern.  While Texas did show a large number of sharks 
across a long period of time, there was no single identifiable location that showed a high density 
of juvenile N. brevirostris, thus Texas was excluded from analysis as a potential nursery ground.  
It is likely that such a nursery ground exists, but it cannot be identified from the data supplied.  
Each of these areas showed continuous evidence of YOY sized sharks being captured across 
years.  With YOY sharks appearing at the locations every year, this provides support that these 
areas are being used as pupping grounds across years.  Sharks were also collected along western 
Florida, however their numbers were not high enough to include in density analysis (n = 5) 
Genetic analysis was used to look for evidence of specific females returning to the 
Chandeleur Islands.  Female N. brevirostris are known to return to natal breeding grounds every 
other year to give birth (Feldheim et al., 2002).  Using microsatellites, it was possible to 
reconstruct the parental relationships of the full-siblings sharks captured during this study.  From 
the sizes and dates of collection of the sharks designated as full-siblings, it was possible to 
determine that several of the sharks had returned across years to the Chandeleur Islands to give 
birth.  Of the 15 full-sibling relationships, 6 showed evidence of philopatry.  For example shark, 
GOM146 (150 cm) collected on 22 October 2010, and GOM131 (68 cm) collected on 16 August 
2011 shared both parents.  The size of  the sharks at capture indicates that these animals were 
born several years apart, indicating the mother returned to the same site to give birth several 
years later (Table 4.4). From this information it was possible to see evidence that returning 
mothers are following the biennial pattern seen at other nursery grounds, though there was 
evidence of one mother returning on an annual basis (Table 4.4, Sharks 53 and 100). 
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Table 4.4 Full sibling pairs from pedigree recreated using data supplied by COLONY litter 
reconstruction Sibling pairs in bold show evidence of philopatry by their mothers (n=6).  
 
Father # Mother # Offspring ID Date of Capture Size TL (cm) 
1 5 GOM35 7/14/2009 62.8 
1 5 GOM135 8/17/2011 66.0 
4 4 GOM5 5/26/2008 88.0 
4 4 GOM28 6/24/2008 90.7 
6 22 GOM37 7/14/2009 68.2 
6 22 GOM82 8/22/2009 70.0 
7 7 GOM8 5/26/2008 71.0 
7 7 GOM55 6/9/2009 81.0 
7 19 GOM32 6/23/2008 69.0 
7 19 GOM40 5/10/2009 92.0 
14 13 GOM16 6/24/2008 67.0 
14 13 GOM57 6/9/2009 177.0 
15 14 GOM17 6/24/2008 90.7 
15 14 GOM147 Unknown Unknown 
20 26 GOM125 5/28/2011 88.0 
20 26 GOM130 8/16/2011 109.6 
22 1 GOM26 6/24/2008 75.0 
22 1 GOM92 5/1/2010 97.8 
25 39 GOM68 7/13/2009 66.3 
25 39 GOM109 5/1/2010 73.0 
33 52 GOM124 5/28/2011 77.0 
33 52 GOM127 5/29/2011 80.0 
36 32 GOM53 6/8/2009 74.0 
36 32 GOM100 5/1/2010 72.0 
43 33 GOM67 7/12/2009 64.4 
43 33 GOM80 8/21/2009 67.6 
50 30 GOM129 8/15/2011 67.0 
50 30 GOM133 8/17/2011 68.5 
59 45 GOM131 8/16/2011 68.0 
59 45 GOM146 10/22/2010 150.5 
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Discussion 
Criterion 1 
 Based on the research conducted at barrier islands in Mississippi, Alabama, and 
Louisiana, it appears that the Chandeleur Islands provide unique habitat for neonate lemon 
sharks in the northern Gulf of Mexico. Under the definition set by Heupel et al., (2007) this 
qualifies as ample evidence to support Criterion 1.  However, there is a potential problem with 
this criterion, as the authors provide no information as to what “nearby” is defined as or how 
many nearby sites should be tested.  As stated by Froeschke et al. (2010), additional sites have 
the possibility to add or remove designation for certain nursery grounds as it can lower the mean 
population.  For this reason it was important to compare Chandeleur Island N. brevirostris 
densities to other documented N. brevirostris nurseries. When the densities of sharks at the 
Chandeleur Islands are compared with other areas where N. brevirostris have been found within 
the Gulf of Mexico, it is obvious that this area exhibits a high density.  In fact, with the exception 
of the Marqeusas Keys area, the Chandeleur Islands exhibit the highest density of lemon sharks.  
It is important to note that Marqeusas Keys are sampled every year by researchers with the goal 
of capturing every shark pupped that year (DiBattista et al., 2008).  This intense sampling effort 
greatly increases the density calculation in the area. 
 While there are other barrier islands in this area that have yet to be sampled for lemon 
sharks, this literature and fisheries data encompasses a wide range of islands with similar habitats 
to those of the Chandeleur Islands.  From the lack of juvenile N. brevirostris in any of the areas 
in the northern Gulf of Mexico and the high densities around the Chandeleur Islands, it is evident 
that this area clearly meets the first requirement set by Heupel et al., (2007) for an area to be 
considered a nursery. 
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Criterion 2 
 The number of recaptured lemon sharks during this study was low compared to the total 
number of sharks collected: only two out of 168 sharks.  This made answering questions about 
residency difficult based solely on mark-recapture efforts.  The two recaptures were still 
important because they gave evidence that neonatal sharks were remaining in or returning to the 
area post-tagging, with one caught less than a kilometer from its original tagged location.  The 
one individual that was recaptured almost exactly a year later gained 1.45 kg and grew 15.2 cm. 
This growth rate is well below the average TL growth of 24.3 cm a year average found in N. 
brevirostris in Brazil (Freitas et al., 2005).  Comparisons to other populations were not possible 
due to the lack of data on pre-caudal length of the initial capture.  This shark had been tagged 
with an external FLOY tag which may have caused a decreased growth rate as seen in other 
fishes (Scheirer and Coble, 1991; Mourning et al., 1994; Rikardsen et al., 2001). 
 Satellite tagging offered a solution to the lack of recaptures, by tagging a relatively small 
number of individuals.  By watching the real-time movement patterns of these sharks over an 
extended period of time, it was possible to determine to what extent and frequency they were 
using the area around the Chandeleur Islands.  This type of tagging has its own drawbacks as 
experienced during this study.  None of the six tags lasted the prescribed battery life of 6-12 
months.  The shortest tag lasted a period of seven hours while the longest lasted 27 days.  Most 
of the data collected were intermittent with large gaps in the locality information.  Sharks of 
various sizes were routinely seen with fins out of the water in the shallow water areas, it is 
unlikely that the lack of data derived from insufficient exposed tag time.  It is believed that either 
battery life was not as prescribed or sharks were able to remove the antennae from the tag while 
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foraging in sea grass beds or the marsh. It is unlikely the failure resulted from shed tags as these 
tags were secured with four steel bolts and data interruption occurred as soon as a few hours after 
installation.  From the data that were recovered, there was evidence that at least four of the six 
sharks remained around the study site for a period of multiple weeks to a month.  During these 
time periods, none of the sharks were located more than two kilometers from the shore of the 
Chandeleur Islands. 
  Due to the low recapture rates and lack of data from the satellite tags, it was necessary to 
use genetic samples to provide additional evidence that lemon sharks were remaining at the 
Chandeleur Islands for an extended period of time.  Based on the pedigree provided by 
COLONY, it was possible to determine that some lemon sharks remained at or returned to the 
Chandeleur Islands, weeks, months, and even years after they had been pupped.  Previous 
research shows that female N. brevirostris return to their breeding grounds every two years 
(Feldheim et al., 2002).  Lemon sharks are known to have litters between 4 and 18 pups 
(Compagno, 1984; Feldheim et al., 2002).  These sharks only pup once during their biennial 
breeding season.  This information makes it possible to determine if litter mates remained or 
return to a similar area for an extended period of time.  For example, sharks GOM40 and GOM 
55 were most likely litter mates with sharks GOM32 and GOM8.  This can be determined by 
looking at a combination of the animals’ sizes, dates of capture, and that the individuals shared 
one parent (Table 4.3).  It is likely that the parent shared was the mother due to dates of capture 
and their associated sizes. Sharks GOM32 and GOM8 were collected in 2008 while sharks 
GOM40 and GOM55 were sampled in June of 2009.  This indicates that at least two out of four 
of the siblings have remained or returned to the area since their initial pupping in 2008.  
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Criterion 3 
    Physical tagging provided no insight to answer the third question about adult individuals 
returning and using the nursery site across years.  This made it necessary to interpret the repeated 
occurrence of juvenile N. brevirostris as evidence that adult female N. brevirostris are returning 
or using the Chandeleur Islands across years.  It was also possible to use microsatellite analysis 
to construct a pedigree to determine that several of the mothers of the full-sibling sharks 
collected were returning across years.  It was found that seven of the 15 mothers (of full-sibling 
sampled sharks) that pupped a litter at the Chandeleur Islands returned across years.   
 
Nursery habitat 
 One of the initial aims of this research was to use occurrence data of N. brevirostris in the 
northern Gulf of Mexico as a way to predict other potential nursery grounds around this area.  
From the data collected, it was not possible to achieve this goal.  While there are a few 
commonalities between the areas studied (all were islands, salinity range, similar depths, and 
temperature ranges), there is not enough information to build a predictive model because these 
commonalities would mark the majority of the Gulf of Mexico coastline as potential nursery 
areas.  Sharks appeared to be selecting for different habitat patterns among each of the areas.  
Sharks collected in Florida selected areas farther from the shoreline than those in Texas and 
Louisiana.  Sharks in each area studied also showed a preference for different substrate types.  
Those in Rookery Bay occurred more commonly in muddy areas that were different from those 
found south of Everglades National Park and the Chandeleur Islands (the latter being sand and 
seagrass habitats).  Further study is necessary to determine what makes these locations ideal for 
N. brevirostris as it may be more related to prey or oceanic processes than habitat composition. 
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Conclusions 
 Other nursery ground definitions such as presented by Beck et al. (2001) are still valid 
and could apply to the population of N. brevirostris at the Chandeleur Islands, however, I chose 
to use the concept presented by Heupel et al. (2007) because it provides a hypothesis tailored 
towards elasmobranchs and was a more testable definition given the sampling period and lack of 
adult N. brevirostris around the study site.  Though there were issues that arose such as a lack of 
nearby N. brevirostris populations for comparison, it is still felt that this nursery concept was the 
best first for this study.     
Documented nursery grounds of N. brevirostris exist in tropical and subtropical locations 
from Brazil to the Marquesas Islands, Florida (Feldheim et al., 2001; Freitas et al., 2006; 
Henderson et al., 2010).  Neonatal N. brevirostris have been identified in other areas as far north 
as Tampa Bay, Florida.  Juvenile N. brevirostris have been found in locations such as Jupiter and 
Cape Canaveral, Florida; Georgia; North Carolina; and Texas.  The lack of neonatal lemon 
sharks, though, precludes these areas from being considered according to the definition proposed 
by Heupel et al. 2007).  The information provided above satisfies the requirements set by Heupel 
et al., (2007) for the classification of an elasmobranch nursery ground.  This evidence confirms 
that the Chandeleur Islands are the northernmost (250 km northwest of Tampa Bay, FL) and 
westernmost (140km west of Belize) documented nursery ground for this species. 
 This area is important to classify as a nursery ground because of the current degradation 
of the islands due to multiple geologic processes.  Prior to an increase in storm activity within the 
Gulf, it was estimated that the Chandeleur Islands would be able to sustain as a transgressive 
barrier island until the 2300s.  More recent work, though, has estimated that the islands may 
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become a submerged shoal as early as late 2013, and even if storm activity falls to the levels seen 
prior to this decade, it is doubtful that the Chandeleur Islands will remain above water past 2037 
(Fearnley et al., 2009).  While the Islands may have benefitted from the construction of a sand 
berm recently put in place following the Deepwater Horizon disaster, it is unknown how long 
this sand re-nourishment will sustain the islands.   
Classifying the Chandeleur Islands as a nursery ground is important because of the 
potential loss of this habitat due to tropical activity and sea level rise.  These islands provide an 
opportunity to study the effects of sea level rise on the nursery ground of an apex predator, a 
process that would normally be conducted over decades or centuries.  This process is happening 
quickly in Louisiana and continued research is necessary at this nursery ground to determine 
what effects, if any, sea level rise will have on the effectiveness of an area as a nursery ground. 
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Chapter 5 
 
Conclusions 
 
Occurrence Patterns at the Chandeleur Islands  
 
 Without the types of structure found at other known N. brevirostris nursery grounds 
(corals and mangroves), immature lemon sharks at the Chandeleur Islands are provided with few 
forms of protection from large predators such as adult sharks.  From the occurrence data 
collected during this study, I determined that the smaller size classes were occurring in 
significantly shallower water than the larger individuals.  A majority of these sharks were 
showing preference for water less than 0.5 m deep.  It appears that N. brevirostris at the 
Chandeleur Islands are using the shallow waters that exist in the cuts and passes of these islands 
as a replacement for the structure found in other nursery grounds.  This pattern of behavior was 
found in all areas where extra data were collected throughout the Gulf of Mexico: Texas, 
Marquesas Key, Rookery Bay Estuarine Reserve, and south of Everglades National Park, 
Florida.   
 The northern Gulf of Mexico has experienced a number of large scale events that have 
the potential to dramatically affect the marine life of the area.  In particular the Deepwater 
Horizon disaster in 2010 could heavily impact the population of a large coastal apex predator 
such as N. brevirostris.  From this study it appeared that the oil spill and subsequent oil 
prevention measures did have an impact on the occurrence patterns of these animals.  It appeared 
that the lemon sharks were exhibiting a shift away from the northern portions of the islands 
where the sand berm was constructed.  A significant drop in catch per unit effort was also 
recorded in the months following the oil spill.  Likewise, there is the possibility that the Bonnet 
Carré Spillway opening in 2010 also played a role in the fewer number of sharks caught.  The 
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preferred salinity range of this species is 26 - 36 (Morrisey and Gruber, 1993) and following the 
Spillway opening N. brevirostris were being collected in salinities as low as 14.9.  While the 
exact causes of the drop in catch numbers cannot be attributed to one cause or the other, it is 
likely that one or both anthropogenic effects played a role in the decrease in lemon sharks. 
 
Genetic diversity of Chandeleur Island Negaprion brevirostris  
 With ecosystem level conservation becoming common in most fisheries management 
plans (Pikitch et al., 2004), it becomes important to learn as much as possible about 
geographically separate populations of a species.  This means studying life-history patterns of 
newly discovered populations to ensure that they fit the previously accepted model of the 
species.  The purpose of this study was to compare the breeding biology of Chandeleur Island 
lemon sharks to the data currently available on lemon sharks at other known nursery grounds 
 To properly manage any species it is important to understand the genetic separation that 
may exist among populations.  With the genetic software indicating that two populations exist 
between the four nurseries sampled, the Chandeleur Island population and the other populations, 
it is important to manage this species at the ecosystem level rather than managing the species as 
a single population.  Investigations in to the genetic diversity of the Chandeleur Island 
populations indicate that this group of sharks is showing a high level of inbreeding, yet there is 
no evidence of a genetic bottleneck taking place.  Analysis of the genetics from the four 
nurseries indicated that it is unlikely migration is playing a factor in maintaining genetic 
diversity within the species.  
 In other studies that addressed the amount of time that N. brevirostris remained in 
nursery habitats, it was found that these animals stayed in the area for up to six years based on 
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the length of juveniles in the area.  Information obtained from this study at the Chandeleur 
Islands provided similar results.  Genetic analysis showed full-siblings being captured several 
months and even years apart, while half-sibling relationships showed siblings that had been born 
five or six years apart both captured in the same month.   
 Nursery habitats that are used continuously by the same individuals across years are of 
particular concern due to their vulnerability to exploitation through fishing or habitat destruction.  
The Chandeleur Islands have been subject to numerous large scale stressors, as thus it was 
important to determine if N. brevirostris at this nursery are showing any signs of philopatry, as is 
common in the species.  Five of 15 mothers who pupped multiple individuals classified as full 
siblings.  I feel this provides some evidence of philopatry.  The continuous presence of juvenile 
lemon sharks in the area also makes it clear that the sharks at the Chandeleur Islands are 
returning to this nursery ground to give birth across years.   This is important for conservation 
efforts because if the habitat is degraded to the point where it can no longer be used by N. 
brevirostris, it is possible this species could become extirpated from the northern Gulf of 
Mexico. 
 In assessing the genetic variation of N. brevirostris at the Chandeleur Islands pre- and 
post-oil spill, I found no significant difference in heterozygosity across the time period.  This is 
the opposite of expected, considering the number of sharks had decreased over time.  The likely 
reasoning for this result is that the number of collections was simply too small to get an accurate 
assessment of the genetic variation that may be occurring as a result of the oil spill. 
 A unique result appeared in the analysis of the breeding behavior of the Chandeleur 
Islands N. brevirostris.  At least one individual exhibited what appeared to be an annual 
reproductive cycle, which is contrary to the accepted understanding of a biennial cycle.  While it 
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is easy to dismiss this finding as a byproduct of a miss-assigned parental relationships, recent 
information from the northern Gulf of Mexico has found annual reproductive cycles in species 
which have been documented as biennial on the Atlantic Coast (Driggers and Hoffmayer, 2009; 
Hoffmayer et al, unpublished).  This information makes it important to investigate the topic 
further to determine the feasibility of this breeding strategy in the Chandeleur Island population. 
 
The Chandeleur Islands as a nursery ground for N. brevirostris  
 The protection of essential fish habitat is necessary for the management of a species 
under the Magnuson-Stevens Act.  An elasmobranch nursery habitat under the definition of 
Hupel et al., (2007) is the type of habitat that the mandate was made to protect.  The authors 
define a nursery as an area that is unique to a species, is used by the young for an extended 
period of time and is used across years by females returning to give birth.  Should an area such as 
this be eliminated through overfishing or habitat destruction the results would be devastating to 
the local population of the species 
 Based on a review of current literature, collection data, and microsatellite analysis it was 
possible to classify the Chandeleur Islands as a elasmobranch nursery ground under the 
definition presented by Heupel et al. (2007).  Current literature suggests that the Chandeleur 
Islands contain the only habitats in the northern Gulf of Mexico where neonatal lemon sharks 
have been recorded.  Results from a combination of SPOT 5 satellite tags, PIT tags, and FLOY 
tags show that immature N. brevirostris at the Chandeleur Islands remain in the vicinity of the 
islands for at least several months.  To determine the extent of site-fidelity, microsatellites were 
analyzed using COLONY.  These results show that14 sibling relationships showed evidence of 
site-fidelity.  The continued presence of juvenile sharks throughout this study indicates that 
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female N. brevirostris are using the Chandeleur Islands as a nursery ground across years.  In 
addition to the presence of juveniles, pedigree reconstruction from several full siblings showed 
that several mothers returned across years.  The combination of this information indicates that 
the Chandeleur Islands are the northern-most documented nursery ground for this species.  
Special care should be given to this habitat especially considering the potential impacts of the 
2010 Deepwater Horizon disaster and subsequent oil prevention measures.   
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